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Abstract

For an increasing fraction of proteins whose structures are being studied, sequence homology to known structures
permits building of low resolution structural models. It is demonstrated that dipolar couplings, measured in a liquid
crystalline medium, not only can validate such structural models, but also refine them. Here, expetiré?ital
IHe13ce and13c’-13¢C* dipolar couplings are shown to decrease the backbone rmsd between various homology
models of calmodulin (CaM) and its crystal structure. Starting from a model of tRé-&sturated C-terminal

domain of CaM, built from the structure of €afree recoverin on the basis of remote sequence homology, dipolar
couplings are used to decrease the rmsd between the model and the crystal structure from 5.0 to 1.25 A. A better
starting model, built from the crystal structure of&asaturated parvalbumin, decreases in rmsd from 1.25 to
0.93 A. Similarly, starting from the structure of thedigated CaM N-terminal domain, experimental dipolar
couplings measured for the €afree form decrease the backbone rmsd relative to the refined solution structure of
apo-CaM from 4.2 to 1.0 A.

Introduction internuclear vector, it is difficult to quantitatively eval-
uate the degree of structural difference between a
With rapid advances in gene sequencing, an enormoushomology model (selected on the basis of dipolar
array of proteins is becoming available for structural coupling homology) and the structure under study, al-
studies. Massive efforts are underway to study the though on average a lower correlation between the
structure of these gene products, both by crystallogra- experimental data and the PDB model indicates lower
phy and NMR (Eisenstein et al., 2000). However, with structural similarity. However, as we show here, con-
the total number of unique folds being limited to an es- siderable closer agreement between the structure un-
timated 1000 (Chothia, 1992), a structural homologue der study and the PDB-derived model can be obtained
already exists in the PDB for an ever increasing frac- if the latter is subjected to a simple simulated anneal-
tion of these new proteins. Recently, it has been shown ing protocol. In particular, the model can be improved
that if backbone dipolar couplings can be measured, it by introducing experimental dipolar restraints, mea-
is feasible to search the PDB database for structuressured in a liquid crystalline medium for the protein’s
that are compatible with this set of dipolar couplings H-1°N, tH*-13C*  and 13C’-13C* backbone pairs
(Aitio et al., 1999; Annila et al., 1999; Meiler et al., (Tjandra and Bax, 1997a). In a previous study, the
2000), making it possible to find homologous struc- protein backbone structure was calculated using the
tures even if they cannot be identified on the basis of so-called molecular fragment replacement (MFR) ap-
their amino acid sequences. proach (Delaglio et al., 2000), which relies on the
Due to the non-linear relationship between dipo- availability of a nearly complete set of backbone dipo-
lar coupling and the orientation of the corresponding lar couplings measured in two liquid crystalline media.
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In contrast, the present approach is aimed at refining both in the absence of &5, and in the presence
a model identified either on the basis of sequence ho- of 2 mM C&*, which is sufficient to saturate the
mology, or from an approximate fit to a more modest two C&t-binding sites in the C-terminal domain. The
number of dipolar couplings in the protein under study. Ca+-free condition is achieved through three steps of
As a second application of the dipolar refinement buffer exchange using a centricon filter: first, CaM-
procedure, we demonstrate that the dipolar couplings bound calcium is removed with 50 mM EDTA in
are sufficient to define large conformational rearrange- unbuffered water at pH 9.0. Then the sample is washed
ments that may take place when sample conditions arewith de-ionized water. Finally, the sample buffer is
altered. Conventionally, examination of large struc- exchanged into 5 mM Hepes (pH 7.0) and 100 mM
tural rearrangements of a protein by solution NMR KCI.
requires one to carry out the complete structure de-  Three types of dipolar couplings were mea-
termination for each form of the protein. Such a sured: 1Dny, 'DcyHe, and Doy, USing respec-
protocol typically involves assignment of backbone tively 2D IPAP-HSQC (Ottiger et al., 1998), 3D CT-
and sidechain resonances and complete analysis of(H)CA(CO)NH without'H decoupling (Tjandra and
NOESY spectra. Here, we demonstrate that it is Bax, 1997b), and 3D HNCO withodiC* decoupling
possible to examine conformational changes of a pro- (Grzesiek and Bax, 1992) pulse schemes. The 2D
tein without going through the time-consuming NOE [IPAP-HSQC experiment was carried out at 800 MHz
analysis. This approach uses the structural information *H frequency, the 3D CT-(H)CA(CO)NH at 600 MHz,
of one conformational state to derive, with the help of andthe 3D HNCO experiment at 500 MHz. On the ba-
dipolar couplings, the structure of a different state. sis of the length of the time domain data and the signal
Due to the large energetic cost associated with dis- to noise (Kontaxis et al., 2000), the accuracy of the
ruption of secondary structure, most conformational measured dipolar couplings is estimatect#.3 Hz
switches in nature involve reorientation of secondary (*Dnn), +1.1 Hz ¢Dcyne), and+0.1 Hz {Dc/cy).
structure elements, while preserving their local order.
Therefore, only a relatively small fraction of the back-
bone dihedral angles exhibit large changes upon con- Results and discussion
formational rearrangement. Nevertheless, even with
few residues changing their backbone torsion angles, The refinement approach is demonstrated for the pro-
quite different structures can result. For example, the tein calmodulin (CaM). CaM is a ubiquitous protein
conformational change in calmodulin upor?Cdiga- that plays a central role in numerous®adependent
tion results in quite different packing of the hydropho- signaling processes (Klee, 1988). Its two small, glob-
bic cores of its two globular domains. For homologous ular domains have considerable sequence homology
proteins, the vast majority of backbone torsion angles relative to one another, and each consists of two so-
also have roughly similar values. The essence of our called EF-hand C4 -binding motifs (Kretsinger and
approach is to employ backbone dihedral restraints de- Nockolds, 1973). The crystal structure forcaCaM
rived from the starting model, and invoke the structural (Babu et al., 1988) shows that within each of théGa
changes needed to obtain agreement with the dipolarbinding domains, the pairs of helices that make up
couplings by means of a low temperature simulated the ‘E’ and ‘F’ helices of each EF-hand are nearly
annealing protocol. orthogonal, with a deep hydrophobic groove between
them. Targets of CaM typically interact with CaM
through interaction with hydrophobic residues in this
Experimental groove (lkura et al., 1992; Meador et al., 1992, 1993;
Elshorst et al., 1999). In the absence ofCahe ‘E’
Experimental dipolar couplings were collected for and ‘F’ helices of each EF-hand switch to a nearly
calmodulin and a calmodulin mutant, (E31Q; E67Q), antiparallel orientation, and the four helices in each
uniformly enriched with13C/**N, in a liquid crys- domain form an antiparallel four-helical bundle, where
talline medium consisting of 20 mg/ml of the filamen- the hydrophobic groove is closed and no longer acces-
tous phage Pfl (Asla Labs, http://130.237.129.141// sible for target binding (Finn et al., 1995; Kuboniwa
asla/asla-phage.htm), 5 mM Hepes buffer (pH 7.0), et al., 1995; Zhang et al., 1995). The structure of
100 mM KCI, and 5 mg protein (1 mM) in a 280- C&*-free, or apo-CaM was recalculated using all pre-
I Shigemi microcell. Measurements were carried out viously employed restraints (Kuboniwa et al., 1995),



together with the dipolar couplings measured in the
present study. Except for a minor change in orientation
(ca. 8) of the thirda-helix and small shifts of residues
D21-D23 and D58-D60 in the first and second flexi-
ble C&+-binding loops, the structure of the individual
domains remains quite similar (the backbone rmsd for
the N-terminal domain relative to PDB entry 1CFC
is 0.68 A). The structures of the N- and C-terminal
domains of apo-CaM, refined with dipolar couplings
added to the previously used NMR restraints, have
been deposited in the PDB (access codes 1F70 anc
1F71, for the N- and C-domains).

Dipolar couplings were measured for a double mu-
tant of CaM (E31Q; E67Q) which strongly lowers
Cat-affinity of the N-terminal domain. This mutant
makes it possible to study the protein in a state where
only the C-terminal domain undergoes the?ta
induced conformational change (Maune et al., 1992).
The two mutated residues are the glutamates that con-
stitute bidentate ligands to the two €aions. In the
Cé&t-ligated protein, each G4 is also coordinated by
three Asp-carboxyl groups and a backbone carbonyl,
all located in the C& -binding loop that immedi-
ately precedes the mutation site. In the absence of
Cé&t, the chemical shifts for both domains are very
similar to those reported previously (Tjandra et al.,
1995). In the presence of € the C-terminal do-
main chemical shifts are the same as those in wild-type
C&t-CaM (Ikura et al., 1990), whereas the shifts of
the N-terminal domain are relatively little affected by
the presence of Ca. Assignments are confirmed by
HNCA and HNCACB spectra.

Below, we show that it is possible to start from
the 2.2-A crystal structure (Babu et al., 1988; PDB
code 3CLN) of the C& -ligated N-terminal domain of

219

[Starting mode! derived from PDB]

|
(

Regularize starting model ]

homologous

same protein protein

Dihedral restraints from
model and TALOS

Dihedral restraints from
PDB structure

[ |

Simulated Annealing Stage 1 D
Temp.: 200 -> 20K, AT = 10K
k (dihedral): 300 -> 300
k (dipolar): 0.0005 -> 0.5
k (RG): 50 -> 50
k (H-bond): 2 > 20
\_ k (rama): 0.02 -> 0.2 )
» Dihedral restraints from lowest
N dipolar energy Stage 1 structure
( Simulated Annealing Stage 2 B
Temp.: 20> 1K AT=1K
K (dihedral): 300 -> 50
k (dipolar): 02 > 02
k (RG): 50 -» 50
k (H-bond): 20 > 20
L k (rama): 0.2 -> 0.2 D

(Select structure with lowest dipolar energy]

Figure 1. Flow chart representation of the structure calculation pro-
tocol used in this study. The NMR version of the crystal structure
is generated by regularization using non-crystallographic symmetry
(NCS) restraints, as described in the text. Force constants for the
dihedral penalty term, k(dihedral) in units of kcal melrad=2,

the dipolar term, k(dipolar) in units of kcal mol Hz=2 (cou-
plings normalized to Ry), the hydrogen-bond distance restraint,
k(H-bond), in units of kcal matl A—2, and the Ramachandran
database potential, k(rama) (dimensionless), are ramped during
the annealing, whereas the force constant for the radius of gy-
ration term, k(RG) (Kuszewski et al., 1999), is kept constant

1 -2 o
CaM and generate a reasonably accurate structure forat 50 kcal motl A—2. The relatlvely small force constant for

the apo state. Next, we show that following the same
protocol, homology models for the C-terminal domain
of C&*-CaM, derived from the structures of recoverin
and parvalbumin, can be improved considerably.

Starting model and backbone dihedral restraints

In this study, all structure calculations are performed
using XPLOR 3.84 (Briinger, 1993), with added mod-
ules for dipolar coupling refinement (Tjandra et al.,
1997). A flowchart of the protocol is shown in Fig-
ure 1. If a structure already exists, but is either of
low resolution or in an alternate conformation (ab-
sence or presence of ligands, mutations, etc.), this
PDB structure is used as the starting model, and all
of its backboned and s angles are used as dihe-

k(dipolar) reflects the larger-than-usual value for the alignment ten-
sor. Other force constants, commonly used in NMR structure calcu-
lation, are: for Stage 1 cooling, k(vdw) 0.002— 4.0 kcal mott

A4, k(impr) = 0.1— 1.0 kcal mot! deg2, k(bond angle)= 0.4

— 1.0 kcal mot1 deg2, and k(noe)= 2.0 (20 kcal motL A—2);

for Stage 2 cooling, the above k’s retain the same values as they are
at the end of Stage 1.

dral restraints for stage 1 of the simulated annealing
protocol described below. This approach is useful for
studying conformational change of a protein that may
occur upon ligand binding, mutation, etc., or simply
for refinement of deposited structures.

More general, the PDB database can be searched
for homologous proteins, either on the basis of se-
guence homology or by matching dipolar couplings
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(Aitio et al., 1999; Annila et al., 1999; Meiler et al., ing the database-derived ‘Rama’ potential function in
2000). If a homologous proteinis found in the PDB on XPLOR (Kuszewski et al., 1997), previously devel-
the basis of sequence similarity, then a starting model oped to exploit the well known correlation between
is built using the program GeneMine (released by the backbone torsion angles and preferred side-chain con-
Molecular Application Group, http://www.mag.com), formers, thex; angle of the vast majority of residues
which employs the segment matching approach for (especially those in helical regions) yields the correct
homology modeling (Levitt, 1992). In this case, back- rotameric state. Hence, a weak Rama potential is used
bone torsion restraints for stage 1 simulated annealingin all simulated annealing runs.
are imposed according to the following criteria. Since Special care must be taken when directly using
the secondary backbone structure of a protein can bean existing X-ray structure as the starting model.
identified by its characteristic chemical shifts, back- Frequently, crystallographic refinement does not strin-
bone torsion angles predicted by TALOS (Cornilescu gently enforce planarity of the peptide bond, or tetra-
et al., 1999) are used for validating the model an- hedral geometry at the ®Csites, and the same is
gles. TALOS relies on matchingeG C?, C, N, and true for homology models based on these structures.
H* secondary chemical shifts for three consecutive Therefore, when simply building an NMR starting
residues to patterns observed in a database of previ-model using thep and{s angles of the selected crys-
ously assigned proteins of known structure. Typically, tal structure or homology model, with planar peptide
for about 65% of the residues in the protein under bonds and tetrahedral*Gyeometry enforced by the
study, TALOS is able to predict unig4geandys angles NMR topology file, such an NMR starting model can
on the basis of this information; residues for which differ substantially from the original starting model,
predictions are not unique are marked ‘ambiguous’ by despite identicalp and s angles. This problem can
the TALOS program and are not used in our study. be easily solved by a brief low-temperature dynamics
If TALOS makes a valid prediction that differs by run, followed by energy minimization, on the NMR
more than 30 in ¢ and/or{ from those in the ho-  model, while its coordinates are kept very close to
mology model, the TALOS angles are used. For all those of the homology model or X-ray structure by im-
other residues, the model-derived angles are used agosing a non-crystallographic symmetry (NCS) term
restraints. Ideally, the TALOS angles would be incor- in the XPLOR program. The force constant of the
porated in generating the original homology model, in NCS term is adjusted such that the rmsd between
which case only backbone angles of the model would the NMR model and the true starting structure is less
be used during refinement. Unfortunately, modeling than 0.2 A, typically requiring a force constant of ca.
software which incorporates TALOS backbone angle 5 kcal mort A—2,
restraints is not yet available.

Simulated annealing protocol

Hydrogen bond restraints and side-chain potential
Refinement against dipolar couplings presents a diffi-

In order to improve convergence of the simulated an- cult multiple minimum problem, because each dipolar
nealing protocol, it is advantageous to also include coupling is compatible with two cones of bond vector
hydrogen bond restraints. This is especially true for orientations, pointing in opposite directions. This can
the well-defined helical regions, which can be easily lead to deep false minima, especially when parts of
identified on the basis of secondary backbone shifts. a structure locally get inverted during the simulated
In the current study, hydrogen bond restraints are im- annealing trajectory. In order to avoid such false min-
plemented as tight distance restraints (described belowima, a two-stage simulated annealing protocol is used
in the annealing protocol), and are applied to the four (Figure 1), with both stages run at very low tempera-
helices of CaM. None of the mini-antiparalfelsheet tures. In the first stage, the system is cooled from 200
hydrogen bonds, present in CaM and its homologues, to 20 K with a temperature step of 10 K, and 6.7 ps
were used because the H-bond accepting group canof Verlet dynamics at each temperature step, using a
be difficult to identify, unless long-range NOEs or time step of 3 fs. Backbone torsion angle restraints
through H-bond J couplings (Cordier and Grzesiek, for ¢ and{ are enforced by harmonic quadratic po-
1999) are available. tentials with strong force constants, initially fixed at
No information on the side chains is available from 300 kcal mot! rad-2. Note that this potential has no
the backbone dipolar couplings. However, when us- flat-well bottom, and restrains the backbone angles
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quite tightly to those of the starting model. Hydro- from 300 to 50 kcal mot! rad=2, while the dipolar
gen bond restraints for well-defined helices are applied force is kept constant at 0.2 kcal mélHz 2 (again
as NOE distance restraints. GYHind O-N distance  normalized for yy). All other force constants are
restraints of 2 and 3 A are enforced with a flat-well fixed at the same values as they were at the end of
(£ 0.25 A) harmonic potential. The force constant is the first simulated annealing stage. This second round
ramped exponentially from 2 to 20 kcal malA—2 of simulated annealing lowers the dipolar energy term
during the 18 temperature steps, while the dipolar cou- (after correcting for the difference in force constant),
pling restraint force constant is ramped from 0.0005to and considerably decreases the difference between the
0.5 kcal mot! Hz=2 (normalized for the Ry dipolar backbone angles of the resulting structure and those of
couplings). the actual structure.

Dipolar couplings do not provide translational in-
formation, and in order to ensure global compactness Ca?t-Cam N-terminal domain to apo-CaM
of the protein, a pseudopotential for the radius of At a Pfl concentration of 21 mg/ml, the magnitudes
gyration (RG) is applied with a force constant of of the normalized dipolar couplings in the N-terminal
50 kcal mott A=2. In the absence of any constraints domain of apo-CaM range from35 to 35 Hz. Using
which prevent translation of parts of the structure rel- the histogram approach (Clore et al., 1998), the align-
ative to one another (such as a long-range NOE or ment tensor magnitude, ;Dis estimated at 17.5 Hz,
H-bond), the RG term is essential for avoiding an with a rhombicity,R, of 0.65. The X-ray structure of
overly expanded structure. This general collapsing po- the N-terminal domain of Ca-ligated CaM ((Babu
tential was recently introduced in XPLOR and shown et al., 1988; PDB entry 3CLN), after regularizing

to improve the packing of NMR structures and their
agreement with crystal structures (Kuszewski et al.,
1999). All other force constants are indicated in Fig-
ure 1. During the first stage of molecular dynamics,
the backbone of the molecule is kept rather rigid by

the peptide bonds and tetrahedral geometry ‘airnC

the above described manner, is used as the starting
model. Its backbone differs from the apo-CaM solu-
tion structure (1F70) by 4.2 A (Figure 2A). Since this

is a case of a conformational change, all backbone

the tight dihedral restraints. However, despite the high torsion angles of the starting model are used as initial
dihedral restraint force constants, the spread amongdihedral restraints for stage 1 simulated annealing. At
the structures (resulting from different random veloc- the end of the first annealing stage, dipolar coupling
ities at the start of the protocol) is relatively large, ca. restraints have significantly reoriented all four helices.
1 A when only considering the fraction of structures The structure with the lowest dipolar energy differs by
with the lowest dipolar energies. 1.08 A from the apo-CaM N-terminal domain solution
Because regions of secondary structure can reori- structure (PDB entry 1F70). Relative to the original
ent relative to one another with relatively little change NMR solution structure (calculated without dipolar
in the tightly restrained backbone angles, these first- restraints) the backbone atom rmsd is slightly larger
stage structures are already reasonably close to the trug1.4 A relative to 1CFC; 1.7 A relative to 1DMO),
conformation (typically better than 1.5-2 A). How- caused primarily by a slight change in the previously
ever, most of the individual backbone dihedral angles relatively poorly defined orientation of the thire
are still rather far from their actual values, since they helix. Among the structures generated in this stage of
are too strongly restrained by the steep harmonic po- dynamics, very few (less than 10%) of thend an-
tential. Therefore, at the end of the first simulated gles differ by more than F0from the values imposed
annealing stage, the structures have high backboneas torsion restraints. Consequently, the dipolar re-
tension and still a considerable dipolar energy term.  straints remain poorly satisfied and the XPLOR energy
Subsequently, the structure with the lowest dipo- remains rather high. In the second stage, the dihedral
lar energy from the stage 1 calculation is subjected force constant is gradually lowered, and considerably
to a second round of simulated annealing, which is larger changes i and s occur in order to satisfy
conducted at very low temperature: the temperature the dipolar restraints. However, the structure with the
bath is cooled further from 20 to 1 K, using a 1 K |owest dipolar energy changes very little relative to the
temperature step. In this second stage, all backbonestructures from stage 1, and fits to the 1F70 structure
angle restraints are derived from the lowest dipolar with an rmsd of 1.01 A. The differences in backbone
energy structure obtained in stage 1. During the sec- angles between the final model calculated in the above
ond stage, the dihedral force constant is ramped downmanner and the experimental apo-CaM solution struc-
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(A) (E)

Figure 2. Structure comparison before and after dipolar coupling refinement. (A) The backbones of apo-CaM-N (red, PDB entry 1F70) and
C&*-ligated (blue) C&T-CaM-N (N-terminal domain of CaM) (PDB entry 3CLN (Babu et al., 1988)) are best fit for residues 29-58, illus-
trating large structural differences between the two states. The backBomes@ between the two structures is 4.2 A. (B) After refinement of

3CLN with dipolar couplings, measured for apo-CaM, using the protocol of Figure 1. The backbone of the refined structure fits the experimental
apo-CaM-N structure (1F70), with a backbon® hsd of 1.01 A. The experimental structure of apo-CaM was obtained by recalculating the
solution structure using the newly measured dipolar couplings, in addition to the previously used NOE and J-coupling derived dihedral restraints
(Kuboniwa et al., 1995).

ture (‘true structure’) are now much smaller than those

between the starting model and the true structure (Fig- 80
ure 3). The backbone model derived from the dipolar 60
couplings in the above described manner is superim- 401 .S . -
posed on the apo-CaM solution structure in Figure 2B, 5 204 O T
and shows remarkably good agreement. S o S e g I d:f".f;" o e
©- 20 ° ° e ° oo o °©

Remote sequence homology: Recoverin to C-domain < - ° ° 6
of C&*-CaM 60 1 .

-80 T T T T T T T
In order to test the effectiveness of our protocol in e 1o 2 s 40 5 6 70 80
homology-based structure determination, recoverin, %
another member of the €a-binding family of pro- 0. .
teins, is used to derive the structure of the C-terminal wd ° o o
domain of C&"-saturated CaM. There are many ways S 20 o 0 O “o . ° .
of building a homology model. In most cases, the & ] . S %.g."eo,.,f. T AI
model structure is built piece by piece onto the ref- ; 204 °° O.fo w00, " S 'oo;
erence structure based on sequence similarity. In other< .| ° 2o °
cases, information on the protein function (e.g. spe- -60- ° °
cific interaction motifs) may be used to verify the -80 . T r T r T T
model. In the current study, starting models are built 0o 10 %40 80 e T 8
using the program GeneMine. The solution structure Residue Number

of C&*-free recoverin (Tanaka et al., 1995) is used Figure 3. Differences in backbone torsion angles¢ and A,

to build the starting model. The relevant parts of the between C&-ligated CaM-N (starting structure; 3CLN) and apo

two proteins (residues 25-93 of recoverin and 82— CaM-N (target structure; 1F70) are shown as open circles. The

148 of CaM) sh 220 identit d 57% differences between the dipolar-refined 3CLN model and the exper-
of CaM) share 0 Séquence ldentty an 0 imental 1F70 structure are indicated by solid circles.

similarity. Unlike the CaM C-terminal domain, which

contains two EF-hands, the aligned region of recoverin



223

A
o (& ] o o
ey ———" et - W
Calrricsdulin 27 EEEIAFEAFRVFODED GHEY | SAsaELAAYMTHNL
Flacrem in 2 EEELESSWYOEFLEKECPSERITROEEOTINSEHN]
h_ i oS
oooo =] 0 oo 0 0o
e T
Cairmadu 1132 GREKLTDEEYDEMIRBREAD IDGDEONNYEEFY OMNMTA K
AnCoreerin 58 PEADPEAYNQHYFRNSFDANSGDOATLDFEKEYY | AL HET
P N .
B
L] o a 0 i a0
aasmiaal - e TRRE
Calrsdeilii 42 EEEIREAFANVFOMNDGNGY I SAABELARVMTNL
Paresiburtiin i ADDNEEAFAIIDODESGEFIEEDELELFLONFEAD
TR ;¢ R | Hi i HA
] o o o
= R | it . M
Calmoduilin 113 GEXKLTDEENYDEMIACAD 1 DODGOVYHNYEEFY CMMTA K
P e 74 ARALTOGETHTFLEAGDSDGDGENGYODEFTALYRA
R | YL — I — . -

Figure 4. Sequence alignment of CaM-C (C-terminal domain of CaM) with (A) recoverin, and (B) parvalbumin-Aéiees of C&t-ligated

CaM-C (PDB access code 3CLN) are represented by red bars above the CaM sequence, wheflealicdseof recoverin and parvalbumin

(PDB access code 1CDP) are mapped by blue bars. Shaded residues are similar or identical. An open circle above a residue indicates that
the TALOS prediction on the basis of the aCaM chemical shifts (using a TALOS chemical shift database from which calmodulin was
removed) disagrees by more thar? 36r either¢ and/ory from the GeneMine-derived homology model, and the dihedral restraint is based on
TALOS instead of the homology model.

encompasses only one true EF-hand, which includes Close sequence homology: Parvalbumin to C-domain
its helices H4 and H5 (Figure 4A). There are also of Ca&t-CaM
two insertions in the sequence (Figure 4A). The mod- As a third example, we show that the approach can
eled structure differs from the 1.68-A crystal structure also be used to refine a reasonably accurate homology
of C&*-ligated CaM C-terminal domain (Ban et al., model, built from the structure of parvalbumin (Tufty
1994; PDB entry 10SA) by 5 A (Figure 5A). This and Kretsinger, 1975; PDB entry 1CDP), for the C-
large difference is primarily caused by the different terminal domain of C& -saturated CaM. In this case,
relative orientations of the helices in afree re- the homologous regions of the two proteins (residues
coverin relative to CaM. For the vast majority of 38-108 of parvalbumin, 82—-148 of CaM) share 27%
the residues, dihedral restraints are taken from the sequence identity and 70% sequence similarity (Fig-
recoverin-derived starting model, but for 16 residues ure 4B). More importantly, like the CaM C-terminal
where the TALOS prediction conflicts with this model  domain, parvalbumin also contains two regular EF-
(marked by open circles in Figure 4A) TALOS-derived hands. Again, the starting homology model is built
¢ and restraints are used (s&tarting model and  using GeneMine, and it fits the crystal structure (PDB
backbone dihedral restraintection). entry 10SA) of the C& -ligated CaM C-terminal do-
After the first stage of simulated annealing, the main to 1.25 A (Figure 5C). Despite extensive homol-
structure with the lowest dipolar energy differs from ogy, there is a three-residue insertion in parvalbumin
the C&*-CaM crystal structure by 1.36 A. The subse- relative to calmodulin between the second and third
guent second stage decreases this difference to 1.25 Anelix (Figure 4B). Since parvalbumin is highly ho-
(Figure 5B). mologous to CaM, the starting model and TALOS
predictions agree better with one another than in the
case of recoverin, and for only 12 residues are the di-
hedral restraints derived from TALOS instead of from
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(C) (D)

Figure 5. Structure comparisons before and after dipolar refinement of homology models. (A) The backbone of the starting structure for CaM-C
(blue), constructed using GeneMine-based homology modeling starting from the structure of apo-recoverin (see text); backbone rmsd from the
crystal structure of Ca -ligated CaM-C (red) is 5 A. (B) Superposition of X-ray and model obtained after refinement with dipolar couplings
(backbone rmsd 1.25 A). (C,D) Backbone of the parvalbumin-based homology modébﬂiGNed CaM-C (blue) superimposed on Cam-C

X-ray structure, (C) before and (D) after refinement with dipolar couplings (backbone rmsd decreases from 1.25 A to 0.93 A).

the starting model (Figure 4B). After the second stage ity of the structure. Figure 6 plots the rmsd (averaged
of simulated annealing, the structure with the low- over the normalized R4, Dccy, and DeyHe COU-
est dipolar energy differs from the crystal structure plings) between experimental and structure-predicted
by 0.93 A (Figure 5D). Although the improvement dipolar couplings. For example, for the structure of
upon refinement of the parvalbumin-derived homol- the N-terminal domain of apo-CaM, dipolar couplings
ogy model, evaluated in backbone rmsd, is relatively for residues T28, T29, Q41 and V55 agree some-
small (1.25 to 0.93 A), visually the improvement is what less with experimental data than the rest. This
more striking. suggests that either the protocol has not managed to
In real applications of the above described proto- find the true minimum in conformational space, or
col, the true structure is not known, but the agreement previously identified extensive local backbone mo-
between the experimental dipolar couplings and the bility for these residues makes it impossible to fit
final structure provides an indicator for the local qual- these dipolar couplings by a single structure. For the



recoverin- and parvalbumin-derived CaM C-domain
structures, agreement is slightly higher, but there also
remain individual residues with poor fits to the dipo-
lar data. For several of these (H107, G113, T117),
the rmsd between the dipolar couplings and the 1.68-
A X-ray structure of Paramecium-TetraureliZCaM
(Ban et al., 1994; PDB entrylOSA) is also rather
large &4 Hz), suggesting that the backbone struc-
ture of human calmodulin differs somewhat from that
of Paramecium-Tetraureli€&aM (84% sequence iden-
tity) in the crystalline state. Remarkably, however,
the fit between dipolar couplings and the X-ray struc-
ture of mammalian CaM (Babu et al., 1988) is much
poorer, presumably due to its lower resolution (2.2 A).

Concluding remarks

In recent years, the size of the Protein Data Bank has
grown at a rapid pace. As a result, for an increas-
ing fraction of proteins under study there are already
homologous structures in the PDB. In other cases,
work may focus on domain reorientation in a pro-
tein whose structure has already been solved under
different conditions. Our study shows that, by using
dipolar couplings, it is possible to obtain a reasonably
accurate structure if the starting and target structures
have similar folds, even if they differ significantly in
their atomic coordinates, as in the case of apo- and
C&t-ligated CaM.

There are numerous sophisticated methods to
search a sequence database for potentially homolo-
gous structures. In addition, comparison of the chemi-
cal shifts for such a *hit’ with the experimental shifts in

the protein under study can be used to evaluate the de-

gree of structural similarity. If a significant fraction of
secondary structural elements adopt sufficiently simi-
lar relative orientations in the PDB protein and the one
under study, the goodness of the fit between experi-
mental dipolar couplings and the PDB protein may be
used as a criterion for identifying structural homology.

We have shown here that these structures subsequentlyz

can be refined by dipolar coupling restraints.

It is important to note that our refinement proce-
dure only will be successful if the fold of the starting
model is correct. Since any rigid segment for which
dipolar couplings are measured in only a single align-
ment medium has a fourfold orientation degeneracy,
refinement of an incorrect starting model could result
in a wrong structure. Note, however, that if the set
of measured dipolar couplings is relatively complete,
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Figure 6. Residue-specific average differencAD, between the
measured dipolar couplings and those predicted by the struc-
ture, after optimizing the magnitude and orientation of the align-
ment tensor (Losonczi et al.,, 1999) for (A) the final struc-
ture of the N-terminal domain of apo-CaM, derived by start-
ing from the C&t-ligated N-terminal domain, (B) the structure
of the C&*—Iigated C-terminal domain of CaM derived from
po-recoverin, and (C) the structure of the?tdigated C-terminal
omain of CaM obtained when using the homology model de-
rived from C#t-saturated parvalbumin as a starting structure.
AD = {[(ADNH)?+(ADcaHA)?+(ADcrca)?1/31Y/2 represents
the normalized root-mean-square difference between measured and
best-fitted couplings, whei@capa andDeca have been normal-
ized relative toDnH by multiplying the experimental coupling by
0.50 and 5.0, respectively (Ottiger and Bax, 1998).
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