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ABSTRACT. C-Type lectin-like domains are very common components of extracellular proteins in animals.
They bind to a variety of ligands, including carbohydrates, proteins, ice, and Sagsials. Their structure

is characterized by long surface loops in the area of the protein usually involved in ligand binding. The
C-type lectin TC14 fromPolyandrocarpa misakiensgpecifically binds tap-galactose by coordination

of the sugar to a bound calcium atom. We have studied the dynamic properties of TC14 by measuring
15N longitudinal and transverse relaxation rates as wel'&5-15N} heteronuclear NOEs. Relaxation
rates and heteronuclear NOE data for holo-TC14 show minimal variations, indicating that there is no
substantial difference in rigidity between the elements of regular secondary structure and the extended
surface loops. Anisotropic tumbling of the elongated TC14 dimer can account for the main fluctuations
in relaxation rates. Loss of the bound calcium does not significantly alter the internal dynamics, suggesting
that the stability of the loop region is intrinsic and not dependent on the coordination of the calcium ion.
Chemical shift differences between the holo and apo form show that main structural changes occur in the
calcium-binding site, but smaller structural changes are propagated throughout the molecule without
affecting the overall fold. The disappearance of two resonances for residues following the conserved
cis-proline 87 (which is located in the calcium-binding site) in the apo form indicates conformational
change on an NMR time scale between ¢isandtrans configurations of this peptide bond in the absence

of calcium. Possible implications of these findings for the ligand binding in C-type lectin-like domains
are discussed.

C-Type lectin-like domains (CTLDSare among the most  three-strande@-sheet in the long form CTLDs) sandwiched
common modules in extracellular proteins of animals and by two o-helices, and the other half consists of shorter
are usually involved in ceftcell or cell-matrix interactions. stretches off--sheets and a large proportion of nonrepetitive
They show a very wide diversity of binding specificity based secondary structure. The carbohydrate-binding site of the
on a common structural scaffold)( Their name is derived  C-type lectin CRDs is found in this region. A calcium ion is
from a subset of members of this protein family, the C-type coordinated by residues from two extended surface loops
lectin carbohydrate-recognition domains (CRDs). These (termed loops 3 and 4) and from fastrand $4). Sugar
proteins show weak but specific calcium-dependent binding binding occurs indirectly through coordination of the 3- and
to carbohydrates?). For many other CTLDs, noncarbohy-  4-hydroxyl oxygens of the sugar to this calcium ion and
drate ligands have been discovered, which include proteinsthrough direct sugarprotein hydrogen bonds as well as
and inorganic surfaces such as ice or CaQQ. In the through hydrophobic interactions (only in the galactose-
complete genome dfaenorhabditis elegangor example,  specific lectins)4—7). So far there are two crystal structures
only 10% of all the 183 identified CTLDs seem to be of CTLDs with protein or peptide ligands. In the structure
carbohydrate-binding domain8)( of the Ly49A natural killer cell receptor CTLD in complex

From a large number of crystal structures of carbohydrate- with its MHC class | ligand H-2B(8), the protein is bound
as well as non-carbohydrate-binding CTLDs, the common at two sites. The first site corresponds to the sugar-binding
fold of this protein family is well-known. The typical CTLD  sites of carbohydrate-binding C-type lectins, whereas the
structure can be roughly divided into two parts. One half of second site is larger and extends over both molecules of the
the molecule consists of a long two-strangdheet (or a  Ly49A dimer. In a very recently determined crystal structure
s work was susboried b T  Foundat of the CTLD of P-selectin, a sulfated and glycosylated
scholarship to S.F.P. ar?g(t)rrmg HerZhgl Sr?w?theEngc?v‘\a/érggnt (S??P%.Im peptlde_ls _bou_nd _bqth through the carbohydrate chain (the

* To whom correspondence should be addressed. Phord:1223- sugar binding is similar to that in other CTLDs) and through
336 392. Fax:+44-1223-336 445. E-mail: smvf100@cam.ac.uk. direct peptide-protein hydrophobic and electrostatic contacts

*Present address: Cardiff Laboratories, Amersham Pharmaciainvo|ving two sulfated tyrosine residues)(

Biotech Ltd., Forest Farm, Whitchurch Cardiff, Wales CF14 7YT, U.K. o . )

1 Abbreviations: CTLD, C-type lectin-like domain; CRD, carbohydrate- ~ One striking feature of CTLD structures is the high

recognition domain; MBP, mannose-binding protein; NMR, nuclear percentage of nonregular secondary structure, particularly in

magnetic resonance; NOE, nuclear Overhauser effect; TRdan- e Jigand recognition site. This allows the presentation of
drocarpa lectin; HSQC, heteronuclear single-quantum coherence;

CPMG, Carr-Purcel-Meiboom-Gill sequence; FID, free induction  different elements of binding specificity in varying spatial
decay;Ad, chemical shift difference; rmsd, root-mean-square deviation. arrangements, enabling different receptor functions to be
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performed by proteins sharing the same fold. As the loops ambiguities in the assignment could mostly be resolved
have a defined function in the protein and do not merely through sequential correlation of the carbonyl carbon reso-
connect areas of regular secondary structure, the following nance shifts using a combination of HNC®5( and HN-
question arises: Are they flexible parts of the protein that (CA)CO (18) experiments. Acquired NMR data were con-
only acquire a defined structure on binding of the ligand, or verted to FELIX format using the program ux2flx and
do they form rigid structure elements and thus display a processed with FELIX version 2.30 (Biosym Technologies).
binding site with a defined geometry? FIDs were multiplied with an exponential window function
Heteronuclear relaxation studies are a well-established toolb€fore Fourier transformation. Proton chemical shifts were
for studying dynamic properties of proteins in solution. They referenced on the basis of the water frequency for protons
are considered to truly reflect the overall as well as internal and indirectly for heteronucleil).
mobility of a protein in a near-physiological environment. ~ **N Ty, T, and{*H—"N} NOE experiments20) were
Here, we have used NMR relaxation techniques to addressrecorded at &N frequency of 50.13 MHz on a Bruker AMX
the question of the mobility of loop regions in CTLD4EN 500 spectrometef; relaxation delays were set to 40, 80,
relaxation experiments not only probe the mobility of 120, 200, 280, 360, 480, 600, 720, 840, and 1000 ms for
backbone NH vectors on a nanosecond to picosecond timeholo-TC14 at 310 K and to 40, 80, 120, 200, 280, 360, 440,
scale but also provide valuable insight into conformational 520, 600, 720, 880, and 1000 ms for apo-TC14 and holo-
exchange processes on a slower millisecond to microsecondl C14 at 298 KT, experiments featured a CPMG pulse train
time scale. In this study, the specificatiygalactose binding ~ with a spin-echo delay,2 of 0.9 ms.T, relaxation delays
Polyandrocarpalectin (TC14) was usedl(). This C-type =~ were set to 7, 28, 42, 56, 70, 84, 98, 112, 126, 140, 168,
lectin is involved in sorting undifferentiated hemoblasts and and 196 ms for holo-TC14 at 310 K and to 7, 14, 28, 42,
pluripotent stem cells in the bud vesicle of the ascidian 56, 70, 84, 98, 112, 126, 140, 168, and 196 ms for apo-
Polyandrocarpa misakiensiguring asexual reproduction TC14 and holo-TC14 at 298 K. Overall relaxation delays
(11). We have recently determined the crystal structure of were setd 3 s in allexperiments. Peak heights were fitted
TC14 complexed withp-galactose and found that TC14 to a monoexponential decay function using Kaleidagraph 3.0
occurs as a dimer in solution and has a single calcium- (Abelbeck Software). The standard errors from the Leven-

binding site, which is involved im-galactose binding7). berg—Marquardt fitting routine were taken as the uncertain-
Here we present the backbone dynamic properties of holo-ties in the obtained®; andR; values, and were typically in
and apo-TC14. the range of 24% for apo-TC14, 46% for holo-TC14 at
310 K, and 5-15% for holo-TC14 at 298 K{H—°N}
EXPERIMENTAL PROCEDURES NOEs were determined from spectra obtained with and

without presaturation of amide proton resonances. Presatu-
ration was achieved by applying 128ecoupling pulses in

5 ms intervals with a field strength of 25 kHz for 3 s.

- : - X Reference spectra were obtained by replacing the presatu-
TC14 was produced by growing cells in M9 minimal medium \4tion sequence with a simple delay of the same length. For
containing’*NH,Cl as the sole nitrogen source artéCy]- both experiments, the overall recycle delay was setto 5 s.
glucose as the sole carbon source for the doubly labeledthe NOE enhancement was calculated according to the

protein. . _ formula
NMR Sample Preparatior-or the preparation of holo-

TC14 samples, uniforml§PN- and*3C/**N-labeled TC14 was I'— 1,
first dialyzed into 20 mM MOPS (pH 7.0), 20 mM Cagl =
and 50 mM NaCl and then three times into a 100-fold excess 0
of H,O. Samples were adjusted to pH 7.0 with small aliquots ] o ]
of HCl and NaOH and concentrated to €8 mM in an wherel" andlo are the peak intensities in the spectrum with
Amicon centriprep 10 concentrator. Apo-TC14 samples were @nd without presaturation, respectively. Two sets of inter-
prepared by dialyzing uniformlysN- and3C/N-labeled leaved NOE and control experiments were added to obtain
TC14 into 20 mM EDTA (pH 7.0) and concentrating to the intensities used in the calculation.
0.8—1 mM. Immediately before the measurement of NMR
data, any precipitate was removed by spinning the samplesRESULTS
at 1600@ for 5 min. NMR Resonance Assignment and Chemical Shift Analysis
NMR SpectroscopyAll spectra were recorded on Bruker We previously published complete assignments of holo-TC14
AMX 500 and DRX 600 NMR spectrometers equipped with at 328 K @4). At 310 K, however, HSQC spectra of TC14
triple-resonance probes am@xis gradients at 310 K (apart showed an increased level of line broadening and regions
from holo-TC14 T, and T, experiments which were also of overlapping peaks in the center of the spectrum so that
carried out at 298 K)!H/*N HSQC spectra were recorded only 114 of 120 non-proline residues were assigned in the
with 256 complex points in the indirect dimension. Water HSQC spectrum of holo-TC14 (111 residues for apo-TC14).
suppression was achieved by water flipback puld&s ¢r The most striking difference between the HSQC spectra of
using the WATERGATE schemel8). Cross-peaks in the  holo- and apo-TC14 is in the extent of line broadening. At
HSQC spectra of TC14 at 310 K were assigned on the basisthe same temperature and concentration, the apo form yields
of the assignments of TC14 at 328 K4f and confirmed by  significantly sharper signals (Figure 1). Apart from this, the
a combination of HNCA 15), HNCACB (16), and CBCA- two forms have very similar spectra, which shows that there
(CO)NH (17) triple-resonance experiments. For apo-TC14, are no global structural changes upon calcium binding in

Protein Expression and PurificatiomC14 was expressed
in Escherichia coliand purified as described elsewherg (
Uniformly N singly labeled and3C/**N doubly labeled




10968 Biochemistry, Vol. 40, No. 37, 2001 Poget et al.

103 ° L1 L3 L4 BaL_B5
: E
108 ® ) W%QW92 @ % i l.i.ll | I\I
® . z 1 T =770
& @ - »I !
= o D51 g 0%
- % 02k
113 s T e O 0.2
¢ SBE &) © 03¢ J
= a5 a E P L 1
= e Il Q@Egozs had 1> E_
- 118 o ©guo Wﬂ?@ % oAl4 = 1—
: .4 8 g os[
chiy . z ANRTIENEY
T - B9 P £ OF .r»‘Jl.‘l T e
123 . ‘T o > g [
° & @ g -0.5_— ! |
D108 o T o @ F ;
L] . o@@ F i
128 g Sl , g
. N8O § ° *
b €
10 9 8 7 6 g :
1H g ‘
Ficure 1: Overlay of HSQC spectra of holo-TC14 (black) and 2 1 Ll'LlhllJ
apo-TC14 (blue) at 310 K. Peaks missing in either of the two forms 3 ‘
or significantly shifted peaks are labeled in the corresponding color. &
Z
<
TC14. Most of the chemical shift differenceAd) between , |
holo- and apo-TC14 are found in the calcium-binding region. 100 120
Smaller Ads occur between the end of strafidl and the residue number
beginning of helixa1, before and after heli®2, and inloop  Fgure2: 1H, 15N, and3C chemical shift differences between apo-
1 (Figure 2). and holo-TC14. A diagram at the top of the figure indicates the

The most significaniAds involve two residues directly ~ €léments of secondary structure with square boxegifsirands
and ovals foro-helices. The secondary structure elements are

invol\(eq in cal_cium_binding. Glu$6 exhi_bitsma of —1.51 labeled (with the exception of stranfig, #', and"”, loop 2, and
ppm in its amide nitrogen chemical shift, whereas Asp107 strands™, which correspond in this order to the unlabeled secondary
exhibits aAd{Ca — CS} of 1.11 ppm. The amidéo in structure elements). The calcium-binding residues are represented
Glu86 indicates a major change in the chemical environment, by Sg‘ag Sph,er‘?s- The gray shading represents an arezl &
whereas theAd{Ca. — CB} in Aspl07 is indicative of a  Standard deviations.
difference in secondary structure. fiasheets, the average changes at remote residues without changing the overall
Ca chemical shifts are lower and the averagkdBifts higher structure.
than in random coil. Asp107 exhibits an increased &nd Backbone Dynamic&he backbone dynamics of TC14 at
a decreased £chemical shift in apo-TC14, which means 310 K in the presence and absence of calcium were analyzed
that this residue, which is part qﬁf—strandﬁ4, has reduced by measurement of |0ngitudinaR{) and transverse%)
secondary structure characteristics in the absence of calciumrelaxation rates as well as §¥H—25N} heteronuclear NOEs.
The local destabilization of straftdl in the absence of bound  The resulting relaxation rates and the NOE enhancements
calcium can be explained by the particular structure of the are summarized in Figure 3. The aver&@lajues are lower
following residue in the strand, Aspl08. This residue binds in the calcium-bound protein (a\/erage of 1850.05 S_l)
to calcium through both its main chain carbonyl oxygen and than in the calcium-free protein (average of 1428.03 s%),
its side chain carboxyl oxygen, and therefore, the absencewhereas the averag®, values are higher in the calcium-
of calcium leads to a less restricted conformation of this bound form (16.2+ 0.63 gl) than in the calcium-free form
residue, loosening-strand b4. Resonances for Asp108 are (12.2-+ 0.20 s?). Using the model-free formalism of Lipari
present in the spectra of holo-TC14 but missing in apo-TC14, and Szabod1, 22), an estimate for the rotational correlation
which is most likely caused by line broadening due to time 7. was obtained on the basis of these averRg&;
conformational exchange. This further supports the idea thatyalues for both holo- and apo-TC14 (14.6 and 11.3 ns,
Asp108 accesses multiple conformations in the calcium-free respectively).
form. Another three residues in the immediate vicinity of  To interpret this difference in overall correlation time and
the calcium-binding site (Ser88, Asng9, and Vall09) also to allow comparison with other proteins, longitudinal and
exhibit the same behavior, |ndlcat|ng an increase in confor- transverse relaxation experiments were repeated for holo-
mational ﬂEXIbI'Ity in these residues upon loss of calcium. TC14 at 298 K. The obtained average relaxation rates were
In addition to differences in the calcium-binding site, 0.914 0.08 s for R; and 18.2+ 3.1 s'* for R; (the larger
chemical shift perturbations in other regions of TC14 indicate errors are due to a further increase in the extent of line
that small structural differences between the two states existbroadening at 298 K). From these values, the overall
throughout the molecule. This indicates that structural correlation timer. can be calculated as 16.9 ns, which is
changes at the calcium-binding site can be propagatedhigh for a 28 kDa dimer. Analytical ultracentrifugation of
throughout the molecule and cause minor conformational holo-TC14 has shown that the molecule is present as a dimer
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FIGURE 3: Ry, Ry, and{'H—15N} NOE data for holo- and apo-TC14. For tRgandR; values, error bars are shown for each residue. The
secondary structure elements are shown as they are in Figure 2.

with ~5% of higher-order aggregates in solutiai. (As the using a fully anisotropic mode)t = 52.3), with a slightly
concentrations used for the NMR relaxation experiments worse fit for a prolate axially symmetric modef(= 54.3)
were significantly higher than in the analytical ultracentrifu- and a much worse fit for an oblate axially symmetric model
gation, an even larger fraction of higher-order aggregates is(y?> = 202.1). Monte Carlo sampling methods were used to
expected under NMR conditions. The observed increase inestimate the reliability of the different models and to estimate
the overall correlation time for holo-TC14 would occur if the errors in the proposed diffusion tensor. This revealed
these higher-order aggregates were in an equilibrium with that the improvement of the fully anisotropic over the prolate
the dimeric form of the protein (with association rates faster model is not statistically relevant, and that the oblate model
than the relaxation rates but slower than the overall correla-has to be rejected. The prolate model resulted D&
tion time). A similar effect has been observed in HIV-1 Nef ratio of 1.58+ 0.04. Figure 5 shows a comparison between
(23). It is possible that higher-order aggregation is either the experimentaR,/R; values and the theoretical values
directly mediated by calcium or facilitated by small structural obtained from the prolate axially symmetric model.

changes in TC14 upon binding of calcium. Because of the pronounced anisotropy of the molecule and
Because of the elongated shape of the TC14 dimer (seethe contributions of the higher-order aggregates in holo-
Figure 4), anisotropic tumbling has to be considered in the TC14, a spectral density mapping or model-free analysis of
analysis of its relaxation rates. In the original model-free the relaxation rates was not undertaken. Instead, a direct
approach, overall tumbling motion is considered to be interpretation of the experimental data was attempted. Apart
isotropic. This simple assumption can lead to fictitious from the offset in theR, and R, values between holo- and
contributions to the internal motion if the rotational diffusion apo-TC14, the overall backbone dynamics of both forms are
tensor is significantly anisotropic. To take into account the very similar. After accounting for the effects of anisotropic
anisotropic contributions to the relaxation rates in TC14, we tumbling, we find the relaxation rates show little variation
have determined the rotational diffusion tensor based on thethroughout the molecule. The heteronuclear NOE experi-
crystal structure and the relaxation data using the programments are an independent probe for internal mobility on a
TENSOR @4). Due to the contributions from higher-order picosecond time scale. They are not influenced by confor-
aggregates in the calcium-bound form, only results for the mational exchange processes and confirm that the internal
apo form are presented, but qualitatively similar results were mobility of residues does not vary significantly throughout
obtained for the holo form. The relaxation data for 91 the molecule. Furthermore, they show that the fast dynamics
residues (83% of all measured relaxation rates) were includedare very similar between the calcium-bound and calcium-
in the calculations (residues showing increased internal free forms. It can be concluded that in TC14 the elements
mobility or conformational exchange were discarded). On of nonregular secondary structure (especially loops 3 and 4)
the basis of the experimental data, the best fit was achievedrepresent regions of defined and rigid structure similar to
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holo-TC14

Ficure 4: Exceptionally high and lowR, values for holo- and apo-TC14 mapped onto a ribbon diagram of the holo-TC14 dimer. Residues

with R, values more than 1.5 standard deviations above average (internal motion) are shown in red, and residues with values more than 1.5
standard deviations below average (conformational exchange) are shown in blue. All visible elements of secondary structure are labeled in

both copies of the dimer. The calcium atom is shown as a green sphere, and the disulfide bonds are shown in a ball-and-stick representation.

133 interface (lle5, Phe7, and Asp9) exhibit additionally increased
II R, values. The amide groups of these residues form
[I I ; intermolecular hydrogen bonds, and therefore, small move-
R,/R, I* .llf : BI ments at the dimeric interface lead to this conformational
. ifI exchange behavior. A similar effect has previously been
1 observed at the dimeric interface of the inhibitor-bound HIV
! protease Z5). In apo-TC14, the conformational exchange
77 effect at the dimeric interface is less obvious, but residues
a lle5, Leu6, Phe7, and Asp9 also exhibit above-average
FIGURE 5: Theoretical values oRy/R; calculated from a prolate  transverse relaxation rates. Further conformational exchange
axially symmetric model with the program TENSOR plotted as effects can be observed in a number of residues in the vicinity
black squares against the angle of the NH vector to the principal ¢ 5 disulfide bridge. They comprise Tyr20, Cys111 (only
anisotropic axis and compared to the experimental values shown. ' .
by their error bars. in the holo fqr_m), Cy_sllg, and G_Iu120 (only in the apo
form). In addition, residue Ser30 in holo-TC14 and Val55

regular secondary structure elements. Furthermore, thein apo-TC14 also exhibit increaséd values.
absence of calcium in the binding site does not seem to affect Comparison of NMR Dynamics and Crystallographic
the overall™>N NMR dynamics of the loop region (with the  B-Factors. As dynamic effects can influence temperature
exception of residues Ser88, Asn89, Asp108, and Vall09, factors in crystal structures, we have compared the results
which could not be observed in apo-TC14). of the NMR backbone dynamics to the temperature factors
The only region with clearly increased flexibility is the from the crystal structure of TC14 (PDB entry 1byf). In
loop connectings-strandspB4 and 35, which shows both  contrast to the uniform dynamic behavior revealed by NMR,
reducedr; rates and NOE enhancements in holo-TC14 and the temperature factors show considerable variation through-
to a lesser extent in apo-TC14. The short loop that connectsout the molecule (Figure 6). Temperature factors reflect the
strand1 with helix al also shows reduceR; values in disorder in the crystal and are influenced by several factors.
holo-TC14 (to a much lesser extent in the apo form), but no First, they are influenced by the dynamics of the protein in
effect is visible in the heteronuclear NOE data, which the crystal. These can differ from those in solution due to
indicates motion on a slower time scale. In addition, there the constraints of the protein in the crystal lattice. Different
are a few isolated residues that display increased mobility; conformations caused by slow hinging movements of whole
none of them is present in both holo- and apo-TC14, and structure elements that cannot be observed on an NMR time
only one of them, Asn85 in the apo form, involves a residue scale can be frozen out in the crystal. This could explain the
from the extended loops 3 and 4 (Figure 4). overall increase in temperature factors in the extended loop
A number of residues exhibit above-averagevalues regions. Also, thermal trembling of the protein in the crystal
(Figure 4), which are usually interpreted as representing alattice will have the strongest effect on the edges of the
conformational exchange slower than the rotational correla- molecule, again affecting the extended loop region the most.
tion time. In holo-TC14, the increase R that affects all In the crystal structure of TC14, some areas of increased
residues and is caused by the equilibrium aggregation of thetemperature factors (residues-3%0, 60-63, 91-94, and
protein has to be discounted. Three residues at the dimeric102—104) also exhibit increased rmsd values of-6034 A
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i T 3 14 present in this region. The limited conformational flexibility
TH al) 2 =i 41 B3 . ) .
< 4°f PIHS @_DG i Prg of these residues together with the presence of an extensive
T ol . i ’ hydrogen-bonding network within the loops stabilizes the
S 30f . - . o
8 I Wl . 5oaN b g internal loop structure. Further stabilization comes from a
2 20 i ,d..“ o o L '-.-b = . number of key contacts to other parts of the protein.
© F %W b :L..,.*“; oo %o‘s.:;,,' e Hydrogen bonds are linking residues Thr77 and Asn89 to
"é.’ 10f - © strands”, residues Leu81 and Ser83 to straid and residue
g : Leu9s to strangd’. Indirect linking of residues Glu86 and
ol T ‘ ‘ . ‘ Asn89 to strang4 is achieved through the bound calcium
0 20 40 60 80 100 120

ion. Hydrophobic contacts involve loop residues Trp82 and
Pro87, which are part of a highly aromatic hydrophobic core

Ficure 6: Temperature factors of the amide nitrogen atoms in the a3t also includes residues Phe67 (from stra@idl and
crystal structure of TC14 plotted vs their residue number. Values Leu106 (from strangs4)

from molecule A in the asymmetric unit are shown as black circles,
whereas values from molecule B are shown as white circles. The In a subgroup of CTLDs, the proline residue equivalent
elements of secondary structure are shown as they are in Figure 2¢5 pro87 in TC14 is conserved. If all CTLD crystal structures
are superimposed, the highly aromatic hydrophobic core that
stabilizes the loop region in TC14 is found in all domains
where this proline is conserved (among the CTLDs of known

residue number

between equivalent amide nitrogens in the two molecules
of the asymmetric unit. Therefore, these higher temperature
factors may be related to the noncrystallographic symmetr . . . .
restraints uysed in the refinement, esypeciallgi/ an), in th)ése areééhreg-dmens_mnal structure, _Pro_87 IS c_onserved in_all
the B-factors also differ between the two molecules in the cglcmm-bln_dlng CTLDs anq n Ilthogtathlne). The _onIy
asymmetric unit. In the study of TC14, we have used NMR difference IS that Leul06 In TCl4 |§_replaced with a
and crystallography as complementary techniques to Obtaintryptophan in all other proteins. In addition, the backbone
a complete picture of structural and dynamic aspects of this hydrogen bonds between residues Leu8l and Ser83 and

protein and therefore a thorough structural basis for under- strandﬁ4_are also conse_rygd in all these proteins. Th_e
standing its function. conservation of loop-stabilizing elements throughout this

subgroup of CTLDs suggests that this rigidity found in TC14
DISCUSSION could be a general feature in those domains. This statement
. L . . . is especially applicable to the second half of loop 3 and the
Currently, there is growing interest in the relationship .icium-binding site, where most of these elements are

between protein dynamics and ligand binding. Studying ocated. This part of the loop region also shows the smallest
protein dynamics can provide information about and reveal | ariations in structure between all CTLDs. Predictions for

the location of the conformational changes that are coupled o dynamic behavior of loop 4 in other CTLDs are more
to the function of the proteir2€). The TC14 sugar-binding jifficyit due to the presence of a secondary calcium-binding
site consists of residues from loops 3 and 4 (a surface 100pgjia petween loops 1 and 4 in many other CTLDs.

structure 20 amino acids in length) and frgivstrandf4. .
The results ofSN NMR dynamics studies show that holo- The °‘,’er?‘” backbo_ne dynamics of .TC14 are not affected
by the binding of calcium. However, line broadening in the

TC14 has similar dynamic behavior throughout the molecule. . . 2 S S
Therefore, the extended surface loop region is rigid, and the|mmed|ate vicinity of the binding site indicates conforma-

carbohydrate-binding site of TC14 is formed by structurally tonal exchange for these residues. In all calcium-binding
well determined and rigid elements. It is interesting to note C-type I_ectlns, ihe co_nserv_ed pro!lne 87 is preceded by a
that the only region of clearly increased mobility in holo- cyspeptide bond. Residues immediately before and after this

TC14 is the nonfunctional loop connectifigstrands34 and ~ Proline are involved in calcium and sugar binding, and the
$5. cis _cor_1format|on is bellev_ed to be very important f_or

The rigidity of the TC14 binding site is in contrast to the 2chieving the correct spatial arrangement of the calcium
observation that binding site residues often exhibit increased!19ands. In a crystallographic study of apo rat liver mannose-
flexibility, particularly in proteins that bind to nucleic acids Pinding protein (MBP-C)Z7), this peptide bond was found
or to other proteins 26). In TC14, sugar specificity is to be present in botleis and trans conformations. In the
achieved by the positioning of hydrogen-bond donors and HSQC spectrum of the apo form of TC14, the peaks for
acceptors around the 3- and 4-hydroxyl oxygens of the boundS€"88 and Asn89 are missing. This might be due to
galactose and the presence of a tryptophan residue that packsonformational flexibility in this region resulting frowis—
against the apolar side of the pyranose ring. To ensure thelrans isomerization of the peptide bond preceding Pro87.
correct positioning of these elements in very close space, it In summary, we found that the extended loop regions in
appears that the binding site has to be rigid. Protein and DNATC14 are rigid, and this rigidity is inherent and not a
binding sites are usually much larger, and residues conferringconsequence of the bound calcium ion. Key elements for
selectivity are further apart. In this case, even a flexible achieving the rigidity of the carbohydrate-binding site in
binding site can ensure the correct positioning of the binding TC14 are conserved in other CTLDs. This suggests that the
residues. Also, a flexible binding site can form tighter ligand-binding site might be rigid in all C-type lectin domains
interactions with a large structure by adopting a conformation that contain the conserved proline equivalent to Pro87 in
that would be unfavorable in the free state. TC14. Given the variety of binding properties of CTLDs, it

Examination of the structure of TC14 suggested several would be very interesting to compare protein dynamics across
features that could contribute to the rigidity of loops 3 and the whole family and see if the binding site flexibility really
4. Four proline residues (positions 76, 84, 87, and 90) are varies in the function of the different types of ligands.
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