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compared to that over the Arabian Sea. The greater domi-
nance of finer aerosol particles during the summer season
is observed over the coastal regions of the Bay of Bengal
compared to those over the Arabian Sea, which indicates
greater influence of the continental aerosols over the Bay
of Bengal. The particle size distribution during the winter
secason over the Bay of Bengal and the Arabian Sea is

found to be unimodal, whereas during the summer
season, it is characterized by Dbimodal distribution.
Higher concentration of the larger particles over the

coastal regions of the Arabian Sea during summer is due
to the dry conditions prevailing in the western part of the
Indian subcontinent and larger transport of dust particles
from the continent. An interesting low-AOD zone has
been found over the Bay of Bengal.
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We present two new chemical shift signatures for
monitoring the state of bound calcium (Ca2+) in NMR
studies of EF-hand proteins. They have been observed
in the form of lar%e upfield chemical shifts (1-
1.5 ppm) for (i) ) § Lo § LYY | (ii) 13¢P resonances of a
conserved Asp residue at the first position of 12 amino
acid residue long Ca2+-binding loops, going from Ca*'-
free (apo) to the Ca**-bound (holo) form of protein. In
the apo form, both the mPi/H*? ana BcP spins are
found to resonate at their normal chemical shift val-
ues. Such upfield-shifted resonances of the Asp resi-
due, in the holo-form, are shown to arise due to the
ring current effect of a conserved Phe/Tyr residue at
—4 position, preceding the same Ca2+-binding loop.
This is illustrated in the case of calmodulin and four
other proteins, belonging to the family of EF-hand
proteins.

EF-hand proteins belong to a growing family of calcium
(Ca*")-binding proteins, with more than 1000 distinct
sequences known and catalogued into 66 different sub-
families'. These proteins, which function as signal trans-
ducers or modulators, have been a subject of great inter-
est for structural biologists, resulting in the availability of
three-dimensional (3D) structures for more than 100 of
them as of today’. The most well-studied proteins in this
family are calmodulin (CaM), troponin C (TnC)*, cal-
bindin® and parvalbumin®.

The canonical Ca’’-binding motif in EF-hand proteins
consists of a contiguous 12-residue loop flanked by two
helices forming the so-calleld ‘EF-hand motif’. Accord-
ing to the convention, such Ca’’-binding sequence is
termed the EF-‘loop’ or the Ca®'-binding loop, although
the last three positions in it initiate the second helix (or
the F-helix) Each of the flanking helices is amphiphilic
and possesses four conserved hydrophobic residues at
positions —1, —4, -5 and -8 in the first helix (E-helix),
and positions 13, 16, 17 and 20 in the second helix (F-
helix)’. The numbering is relative to the Ca”'-binding
loop. In such canonical Ca®-binding loop, the specific
sites labelled as X, ¥, Z, —Y, —X, —Z in Table 1, refer to
Ist, 3rd, 5th, 7th, 9th and 12th positions respectively, in
the Ca2+-binding loops of the protein, which co-ordinate
to Ca’™ in a pentagonal bi-pyramidal geometry’. Out of
these, residues at positions 1, 3, 5 and 12 co-ordinate
directly to Ca®* via their side-chain carboxylate/carbonyl
groups. Table 1 shows the primary sequence of Ca’'-
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Table 1. Primary sequences of EF-hand Ca**-binding loops from five different proteins. Ca’*-binding sites have been numbered beginning with
an invariant Asp residue at position 1 and ending at the 12th position with an invariant Glu residue. Phe residues at —4 position in the Ca*'-binding
loops have been highlighted for clarity

X Y z -Y -X -Z
Protein Ca™*-binding loop* -4 1 2 3 4 5 6 7 8 9 10 12
EhCaBP* I Fo e D vV N G D G A A% S Y E E21
II F42 eee D A D G N G E I D Q N ES7
III Y81 eee D vV D G D G K L T K E E%
v V113 ese D A N G D G Y I T L E E128
Calmodulin I F16 eee D K D G D G T I T T K E31
II 152 e D A D G N G T I D F P Eo67
III F89 eee D K D G N G Y I S A A El104
v [125 eee D I D G D G Q vV N Y E EI140
Troponin C I F26 eee D A D G G G D I S T K E41
II 162 e D E D G S G T I D F E E77
III F102 eeo D K N A D G F I D I E E117
v MI38 eee D K N N D G R I D F D E153
Calbindin II F51 eeo D K N G D G E A% S F E Eo66
Parvalbumin II F47 eee D A D A S G F I E E E Eo62
III L86 eee D K D G D G L I G I D E101

*Within the Ca®*-binding loop, residues that are involved in co-ordination with Ca™ in a pentagonal bi-pyramidal geometry are 1,3, 5,7, 9 and 12

(which are labelled as sites X, ¥, X, —Y, —X and —Z respectively).
*Ca**-binding protein from Entamoeba histolytica.

binding loops from five different EF-hand proteins that
have been chosen in the present study. The most con-
served amino acid residue in the Ca’’-binding loops of
EF-hand proteins is the Asp residue at position 1 (hereaf-
ter referred to as Dl)8 (see Table 1). Both the oxygen
(OD1 and OD2) atoms belonging to the side-chain car-
boxylate group of D1 are involved in extensive hydrogen
bonding interactions with other residues in the respective
Ca2+-binding loops and hence, the protein does not toler-
ate even a small structural perturbation that would disturb
such interactions. Substitution of D1 with other amino
acid residues has been shown to result in 10-100-fold
loss in the Ca2+-binding afﬁnityg. Another amino acid
residue, which has also been found to be highly con-
served across EF-hand proteins, is a Phe residue, which is
part of the E-helix and at position —4 (hereafter referred
to as F(-4)), prior to the Ca2+-binding loop (Table 1). In a
study involving 567 EF-hand sequences, it was found
that 50% of the sequences have F(-4) in the vicinity of
respective Ca2+-binding 100psg.

The presence of an invariant D1 and a highly con-
served F(-4) in EF-hand proteins suggests that these resi-
dues can be used as probes to monitor structural changes
in this class of Ca2+-binding proteins. During the course
of our NMR Study9 nvolving a Ca2+-binding protein
from Entamoeba histolytica (EhCaBP), we found that in
the Ca’ -bound (holo) state, one of the PP and PP
spins of D1 exhibits upfield shifts as large as 1.0-
1.2ppm (refs 9 and 10) with respect to the random coil
values''. Subsequently, analysis carried out in four other
EF-hand proteins revealed that similar upfield shifts of

CURRENT SCIENCE, VOL. 83, NO. 10, 25 NOVEMBER 2002

oP/i?? and P spins belonging to D1 occur, in the
holo-state, in all Ca2+-binding loops that have a F(-4) in
their vicinity, and not otherwise. A statistical analysis of
a total of 8381 D (HP/H") and 2176 D (:*CP) chemical
shifts from 1846 entries in the BioMagResBank
(BMRB)U, reveals that only 090% of the total
D(Hﬁl/Hﬁz) spins and 12% of the total D(BCB) spins reso-
nate below 1.80 and 39.0 ppm respectively. The plots for
these analysis are shown in Figure 1. Further, most of
these upfield-shifted resonances belong to DI (Hﬁl/H[32
and 13CB) spins in EF-hand proteins. Interestingly, in the
Ca’"free (apo) state of the protein, both P/ and P
spins of D1 have the usual chemical shift values.

In this communication we explain the structural origin
of such unusual upfield shifts of P/ and cP spins
of D1, in holo EF-hand proteins. In NMR studies, such
chemical shift signatures serve as evidences for confirm-
ing whether the protein is in a Ca’"-bound state or not. In
the past, two other signatures for probing the state of
bound Ca’" in EF-hand proteins have been proposed.
They correspond to the downfield shift of the amide pro-
ton of a conserved Gly at position 6 (ref. 13) and N
resonance of the amino acid residue at position 8 in the
Ca%-binding 100p14, upon binding of Ca”" to the protein.

Chemical shifts and 3D structures of proteins used in
the present analyses were obtained from BMRB and Pro-
tein Data Bank (PDB) respectively. The BMRB acces-
sion numbers are the following: EACaBP (Holo: 4271)
Troponin C (Holo: 4080); Calbindin (Holo: 247, Apo:
327); Parvalbumin (Holo: 144). The PDB codes are the
following: FEhCaBP (Holo: 1JFK); Calmodulin (Holo:
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Figure 1. Distribution of Asp H*'/H® and '*CP chemical shifts in proteins. Histograms depict the percentage of chemical shifts that
lie within a range of 0.01 to 0.02 ppm for 'H and '3C chemical shifts respectively. Histograms for Asp H?'/H?? and '*CP spins that resonate
below 1.80 and 39 ppm respectively, are shown in green. Histograms for Asp H*'/H? that resonate below 1.80 ppm have been expanded
and shown in red as well as an inset for clarity.

Table 2. Experimentally observed H*'/H*? and "*CP chemical shifts of D1 containing a F(-4) in the respective Ca”*-binding loops
in both apo and/or holo states of five proteins

HPHP
Holo Apo 3¢ §(ppm)
Protein D1 S(ppm) O (in deg)” r(in Ay S(ppm) O(in deg)* r(in A} Holo Apo
EnhCaBP D10 1.60/2.52 8.1/21.0 4.9/53 * * 39.0 *
D46 2.20/2.68 40.5/56.6 3.8/5.1 * * 38.7 *
D85 1.80/2.87 35.0/62.6 4.1/4.6 * * 38.5 *
Calmodulin D20 1.57/2.44 34.9/46.6 3.5/43 2.35/2.84 58.0/60.0 4.8/6.5 38.9 39.8
D93 1.45/2.38 26.3/36.6 3.8/4.4 2.56/3.18 79.0/86.0 7.7/8.1 38.3 39.5
Troponin C D30 1.46/2.56 27.5/38.1 4.2/5.6 * * 38.9 *
D106 1.47/2.47 16.3/23.0 5.8/6.9 * * 39.1 *
Calbindin D54 1.60/2.52 20.5/21.30  3.2/4.1 2.53/2.71 33/36.87 3.5/4.2 * *
Parvalbumin D51 1.45/2.44 47.4/57.0 4.1/5.4 * * * *

* Not available.
*Angle Oand distance r, according to Scheme 1 are shown for each H*'/H atom of D1.
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ICLL (X-ray), Apo: 1CFD (NMR)); Troponin C (Holo:
ITNX (NMR)); Calbindin (Holo: 2BCB (NMR), Apo:
ICLB (NMR)) and Paravalbumin (Holo: 3PAT (X-ray)).
Chemical shifts of apo and holo CaM were obtained from
the laboratories of M. Tkura and Ad Bax respectively
(pers. commun.). In none of the proteins, stereospecific

4 H "\
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e by
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/ ! AN
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< =

Scheme 1.

NMR assignments of o?! and B spins were available
and hence, both 1 spins are referred to as PP
throughout the communication. All the structural models
presented here were generated using MOLMOL'".

The ring current effect due to F(-4)/Y(-4), on the n?
and >C® resonances of DI has been analysed using the
popular Haigh—Mallion model'®. The contribution of the
ring current effect to secondary shifts of both i and P
spins, ie. the difference between the observed resonance
and its random-coil chemical shift, has been obtained
using MOLMOL. Such a contribution is computed as a
sum of magnetic anisotropy effect due to the pi-electron
cloud in the aromatic ring and electrostatic polarization
of the C—H bonds.

Experimentally  observed o/ and CP chemical
shifts for individual D1 residues present in five proteins
chosen for the present study, are shown in Table 2.
Chemical shifts of only those D1 residues that have
F(-4YY(-4) with respect to the same Ca2+-binding loop
are shown (the corresponding primary sequence of the
loops is shown in Table 1). The D1 that lacks F(-4)/Y(-4)
does not exhibit the upfield shifts and hence, is not
discussed here. The average chemical shift of the upfield-

Table 3. The contribution of ring current to the secondary shift of D1 (Hm/H[32 and 13Cﬁ) resonances. The total secondary shifts (&) foreach D1
(H[3 "I and 13Cﬁ) spin has been partitioned into ring current (RC) contribution and contribution due to other effects. A random coil value of 2.75
and 39.8 ppm has been used for calculating the secondary shifts for Asp H? and '*CP spins, respectively

HfY/HP?

Holo & (ppm)

Apo & (ppm) Q. (Holo) — & (Apo) (ppm)

Protein D1 RC Other RC Other RC Other
EnCaBP D10 -0.98/-0.58 -0.17/0.35

D46 -0.72/-0.83 0.17/0.76

D85 -0.50/-0.01 -0.45/0.13
Calmodulin D20 -1.10/-0.18 -0.08/-0.13 -0.21/-0.25 -0.19/0.34 —-0.90/0.07 0.11/-0.47

D93 —-1.38/-0.71 0.08/0.34 0.02/0.13 -0.21/0.3 —1.40/-0.84 0.29/0.04
Troponin C D30 —1.17/-0.68 —0.12/0.39 * *

D106 -1.50/-0.60 0.22/0.32 * *
Calbindin D54 -1.27/-0.90 0.12/0.67 -0.99/-0.51 0.74/0.47 -0.28/-0.37 -0.62/0.20
Parvalbumin D51 -0.60/-0.25 -0.70/-0.06 * *

3B
Holo &, (ppm) Apo & (ppm) & (Holo) — &: (Apo) (ppm)

Protein D1 RC Other RC Other RC Other
EnCaBP D10 -0.81 0.01 *

D46 -0.13 -1.10 *

D85 -0.30 -1.00 *
Calmodulin D20 -0.27 -0.63 -0.73 0.73 0.46 -1.36

D93 —-1.40 -0.10 -0.24 -0.06 -1.16 -0.04
Troponin C D30 -0.79 -0.11 *

D106 -1.00 0.30 *
*, Not available.
CURRENT SCIENCE, VOL. 83, NO. 10, 25 NOVEMBER 2002 1243
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shifted HP and '°C® resonances are found to be
1.60£024 and 38.7x028ppm respectively. On the
other hand, in the apo-state of the protein, chemical shifts
of the same HP and '*CP spins are within the standard
values of 2.70 + 0.29 and 40.70 £ 1.70 ppm respectively.

In order to have an insight about the influence of F(-4)
Y(-4) on the nPl/P? spins of D1 residue, the ring current
effects were measured in terms of the angle ©, made by
the line joining HPY/HP? and the centre of F(-4)/Y(-4) ring
with the normal to the plane of the ring, and the distance
r, as shown in Scheme 1. The angles O and the distances r
derived from the PDB structures are listed in Table 2 for
individual I1P!/11°2 spins.

Table 3 shows the net contribution of the ring current
effect to the secondary shifts of PP and BcP spins of
D1 in holo and/or apo state, along with its contribution to
the difference in the chemical shifts between the apo and
holo states of five proteins, used in the present study. The

N-terminal

Figure 2.

total secondary shift for each D1 in Table 3 has been par-
tiioned into ring current contribution and contribution
due to other effects (such as magnetic anisotropy of the
CN, CO bond and electrostatic effects). As is evident
from Table 3, on the whole, the ring current effect due to
F(-4YY(-4), in the holo form, contributes to an extent of
80% and above to the total secondary shift of the upfield-
shifed DI HPYHP? and 3P spins. This is also evident
from the angle O (see Table 2), which indicates that the
upfield-shifted HP/HP? of DI in the holo protein lies in
the shielding cone. On the other hand, in the apo-state,
for both HP/H® and P spins, the angle © and the dis-
tance r from the centre of the ring increase (see Table 2).
This leads to a fall in the ring current effect, resulting in
the de-shielding and concomitant downfield shift of the
respective resonances. Although both the nfl® spins
experience a downfield shift in their resonances from
holo- to apo-state, it is more pronounced for one of the

H"/H'

Phe 89

C-terminal

Structural transition from (a) apo to (b) holo form for Ca**-binding loops I (in N-terminal domain)

and III (in C-terminal domain) of CaM. The F(-4) ring in each loop is shown in red and the D1 (HPY/HP?Y spin
which shows an unusual upfield shift is shown in blue and its geminal partner in yellow.
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nfl® spins (see Table 3), which lies closer to the ring
normal (evidenced from the respective lower values of O
and r) compared to its geminal partner. The discrepancy
between the observed and calculated chemical shifts (see
Table 3) for the Bch spin of D46 and D85 in EACaBP
and that of D20 in CaM can be attributed to the error
resulting from the approximations used in theoretical ring
current calculations.

Marked structural changes as indicated in Table 2,
between the holo- and apo-states of EF-hand proteins, are
illustrated in Figure 2a and b in the case of CaM. CaM
possesses two globular domains (N- and C-terminal),
each containing a pair of EF-hands’. The EF-hand, Ca’'-
binding loops I and II in each of these domains contain
the conserved F(-4) (Table 1). Figure 2a and b corre-
sponds to the apo- and holo-states of CaM respectively.
As discussed above, in the apo-state of the protein, the
1515 LaTes away from the aromatic ring of F(-4) and lie
in the de-shielding zone, with their HPY/HP  resonances
downfield-shifted. In the holo-state, these atoms move
closer to the centre of the ring and thereby enter the
shielding zone. In this state, one of the 1P P spins is
closer to the centre of the ring (shown in blue colour in
Figure 2) compared to its geminal partner (shown in yel-
low), resulting in a dramatic upfield shift of the former.
Further, the movement of HPY/HP? atoms close to the cen-
tre of the ring also results in an upfield shift of the Bch
spin compared to its chemical shift in the apo-state
(Table 2).

In conclusion, observation of large upfield shifts of
nfl® spins of DI can be taken as a signature for veri-
fying whether Ca™" is bound to a given Ca%-binding loop
in EF-hand proteins. This raises the question as to how
easy is it to track and assign such unusual chemical
shifts? It is indeed easy and straightforward. For exam-
ple, either a homonuclear (1H71H) 2D TOCSY or a 2D
NOESY experiment of the protein recorded in 100%
’H,0 can distinctly reveal such large upfield shifts of
nfl® spins of an Asp residue involved in coordination
with a Ca’". As mentioned above, earlier signatures were
based on the downfield shift of the amide proton of a
conserved Gly at position 6 (ref. 13) and N resonance
of the amino acid residue at position 8 in the Ca®'-
binding 100p14, upon binding of Ca™" to the protein. Both
these residues do not coordinate with Ca®". Hence, obser-
vation of the large upfield shifts of nPl/P? spins of D1
not only reveals the holo state of the Ca2+-binding pro-
teins, but it can also form a right justification for incor-
porating  explicit Ca2+-ligand distances in the refinement
stage of NMR-derived structures of holo EF-hand pro-
teins'®. Further, upfield shifts in B3P resonance of DI as
observed here, have implications in 3D structural studies

of EF-hand proteins by NMR. First, the upfield shift of
DI *c? due to the ring current effect should be taken into
account when evaluating its chemical shift index (CSI)”,
since it will otherwise be erroneously classified as be-
longing to an orhelix instead of the beginning of a loop.
Secondly, the large upfield shifts for the Bch spin of DI,
should be taken into account when chemical shifts are
used as constraints in 3D structure calculations. It has
been observed earlier that such upfield shift in Bch spins
can introduce an angle error as high as 40° in structure
calculations due to the sensitive nature of the ¢ W sur-

1
faces'®.
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