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ABSTRACT. The ligand-binding domain of the LDL receptor consists of seven contiguous LDL-A modules.
The fifth of these ligand-binding modules is absolutely required for recognition of both LDISAADL
particles. A four-residue linker of variable sequence connects each pair of modules, except for modules
four and five, which are connected by a 12-residue linker. To provide a more detailed understanding of
the structural relationship in a typical pair of functionally important LDL-A repeats of the LDLR, we
investigated the backbone dynamics of repeats five (LR5) and six (LR6) alone and in the context of the
covalently connected LR5-6 pair. Our results reveal substantial flexibility in the four-residue linker
connecting the two repeats in the LR5-6 pair. The intrinsic dynamic behavior of each repeat is essentially
unchanged when the repeats are covalently connected. These observations indicate that the relative
orientation of repeats in LR5-6 is not fixed. Modeled in an extended conformation, the linker can separate
LR5 and LR6 by up to 15 A, a distance that would allow substantial freedom of motion of each repeat
with respect to the other in the pair.

™

The low-density lipoprotein receptor (LDLR;—3)! is a a
prototype for an entire class of transmembrane recepdors ( LDL-A repeats ’@;ﬁi@j) . ——
5). Other members of this receptor family in humans include [ § (i (“\;f‘—*\%\ 5 ol
the very low-density lipoprotein receptds)( apolipoprotein A5
E receptor 27), LDLR-related protein§), and megalin9). ' . o
These proteins combine several types of structural units in FIGURE 1t Schematic of the modular organization of the LDL

. receptor, illustrating the positions of LDL-A modules, EGF-like
similar arrangements, such that groups of LDL-A modules

g . modules, and repeats containing the YWTD motif.
precede regions with clusters of EGF-modules and YWTD

domains {0). Each receptor then terminates with a trans- Ligand binding by LDLR family members requires
membrane segment and a cytoplasmic tail of variable length. yariicipation of the cysteine-rich LDL-A repeats&( 17).
Despite their similar structural organization, these receptors gach LDL-A repeat is about 40 residues long and contains
carry out a diverse array of biological functions, including  sjy cysteines that form three disulfide bonds?Qa required
lipoprotein transport into cellsl(, 12), cIe_ara;nce of protein oy ligand binding (8, 19), and the C& coordinating
complexes from plasma®), and transmission of extracel-  yesjdues, along with the six cysteines, constitute the major
lular signals in nervous system developmen#, (15). conserved sequence features of LDL-A repeats.
Specific ligands have been identified for each of these  Tha main function of the LDLR is to transport plasma

receptors, yet all members of the LDLR family also bind pjesterol into cellsi(1, 20). Mutations of the gene encoding
receptor-associated protein (RAP) and lipoprotein particles \ho | DLR cause familial hypercholesterolemia (FH), a

containing apolipoprotein E4]. common metabolic disorder inherited in an autosomal

* Supported by NIH Grant HL61001 (to S.C.B.) and by the Armenise dominant pattern (see réfl for a review). Elevated levels
Center for Structural Biology at Harvard Medical School. S.C.B. is a ,Of pIa_sma cholest.erol in patlgnts with hetgrozygous FH rgsult
Pew Scholar in the Biomedical Sciences. in an increased risk for cardiovascular disease, and patients

* To whom correspondence should be addressed: Tel: (617) 732- with homozygous FH, if untreated, die of coronary heart
5799. Fax: (617) 264-5296. E-mail: sblacklow@rics.bwh.harvard.edu. qisease at an early age

1 Abbreviations: apo, apolipoprotein; apoE-R2, apolipoprotein E . - C .
receptor 2; CPMG, CafrPurcel-Meiboom-Gill; EGF, epidermal The ligand-binding domain of the LDLR consists of seven
growth factor; FH, familial hypercholesterolemia; HPLC, high- adjacent LDL-A repeats (Figure 1). The main ligands for

performance liquid chromatography; HSQC, heteronuclear single the | DLR are lipoprotein particles containing apolipoprotein
guantum coherence; LDL, low-density lipoprotein; LDLR, low-density bop b g apofipop

lipoprotein receptor; LR, LDL-A module; LR5, LDL-A module five B (L_DL) and apolipoprotein E @'VLDL)-. Deletion of
of the low-density lipoprotein receptor; LR6, LDL-A module six of individual repeats and systematic mutation of conserved
the LDL receptor with the M243L substitution; LR5-6, the LR5-LR6  residues within each repeat demonstrated that the fifth

module pair; LRP, low-density lipoprotein related protein; NMR, ) i) _A module of the LDLR makes critical contributions
nuclear magenetic resonance; RAP, receptor-associated protein; VLDL

very low-density lipoprotein; VLDLR, very low-density lipoprotein  t0 the binding of both LDL and-VLDL p_articles (17)
receptor. Modules three through seven are essential for binding of
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LDL; in contrast, only deletion of module five prevents high- resonance assignments of LR5, LR6, and the LR5-6 module

affinity binding of 8-VLDL (17). pair were obtained previously using 3-dimensidfisl edited
The structure of the fifth LDL-A module has been solved spectra 85).
to 1.7 A by X-ray crystallography 2), and solution 15\-R1, 15N-R2, and{!H}-15N heteronuclear NOE data

structures have been determined for LDL-A module23),( were acquired using pub“shed pu|se Sequen@é}; For
2 (24), and 6 @9) of the LDLR and for two of the LDL-A  measurements of R2, the delay between 180 degree CPMG
modules of the LRPZ6, 27). Each of these modules exhibits  pylses was set to 906s. To ensure that all R2 experiments
a similar tertiary fold OrganiZEd around one bound calcium were conducted at the same temperaturE, a series of 180
ion, which stabilizes the structure in conjunction with the degree CPMG pulses and delays were included before the
three disulfide bonds. In the absence ofCahe LDL-A recycling delay such that the total number® refocusing
modules appear to be unstructure, (29). pulses was the same in each R2 experiment. The strength of
Relatively little is known regarding the orientation of the 180 degree CPMG pulses was adjusted to minimize
LDL-A repeats within the ligand-binding domain of the sample heating, with possible effects due to sample heating
LDLR and how these repeats are organized for interaction assessed by comparison of amide-proton chemical shifts in
with ligands. Linkers connecting LDL-A modules comprise experiments with minimal and maximal relaxation delays.
four residues (except for the linker between modules four To confirm that the R1 and R2 experiments were conducted
and five). Short linkers are found both in proteins with a at the same effective temperature, amide-proton chemical
fixed orientation between adjacent domaiB6{32) andin  shifts were compared between R1 and R2 experiments. Each
proteins with substantial interdomain mobilitg3, 34). series of R1 and R2 measurements consisted-6f §pectra
Chemical shift perturbation studies of the fiveix 35 and  ith increasing!*N relaxation time delays. To sample the
one-two (36) module pairs from the LDLR reveal that the  \yhole range of intensity decays, the largest relaxation delay
strongest perturbations occur in the linkers connecting exceeded the average relaxation time by at least 3-fold.
repeats, indicating that the backbone folds of individual | pngitudinal and transverse relaxation rates and their un-
modules remain unchanged in each module pair. Furthercertainties were determined by nonlinear least-squares fitting
characterization of the LR1-2 module pair failed to detect o the experimentally measured resonance intensities to
side chair-side chain intermodule NOE cross-peaks)( monoexponential decay. The public domain program GNU-
We used NMR relaxation data to evaluate the degree of pLOT was used to fit the relaxation rates to the experimental
flexibility in the linker between LDLR modules five and six  data. Uncertainties in the exponential fits were estimated from
and to compare the internal and overall dynamics of eachthe covariance matrix.
individual module with the dynamics of the module pair.
These studies are focused upon the LR5-6 module pair
because deletion of either module prevents high affinity
binding of LDL patrticles, and the presence of LR5 is crucial
for high affinity binding of3-VLDL (17). Our results reveal

substantial flexibility in the four-residue linker connecting flip-angle pulses applied at 5 ms intervals. The magnitude
the two repeats in the LR5-6 pair. Furthermore, the intrinsic of the {1H}-15N heteronuclear NOE effect was calculated

dynamic behavior of each repeat is essentially unaltered when . _
the repeats are connected in the LR5-6 pair. Taken togetherfrom the equation hNOE- (Is — lu)/lu, wherels andl, are

these observations suggest that the presence of one modulg1e intensities .Of peaks in spectra acquir_eq Wit.h and without
of the LR5-6 pair imposes little restriction on the dynamics proton saturation, respectively. Uncertainties in the hetero-
of its neighbor in solution nuclear NOE data were estimated from the signal-to-noise

values in the recorded spectra. The valuestgfwere
EXPERIMENTAL PROCEDURES calculated fromR2/R1 ratios according to Kay et al4Q),
and errors were estimated from the simulated data.

Sample Preparation and NMR Spectroscopigs, LR6,  £q¢ gpectral density mapping, the rate constant for het-
fgnd the LR5-6 module pair were expressed and purified in o0 clear cross-relaxatioRy{_y) was calculated using the

N-labeled form as desqub_ed prewpusBSI. In LR6 and _ expressionRy_y = (yN/yH)*hNOE*RL. Values of the
LRS-6, the M243L substitution was mcorp_orat_ed to permit spectral density functiod..gwy) were calculated from the
cleav_age C.)f the expr.essed fusion protein .W'th Cyanogen yq|axation data using the approximatid(, + wy) = J(wy)
bromide prior to refolding and HPLC purificatioB%). Each = Jwn — wy) (ref 41); spectral density functions were

NMR sample contained 1 mM protein in 90%,®/10% ; :
D,O, pH 5.6, and 10 mM CagIThis calcium ion concentra- calculated according to Peng et al. and Dayie etddl. 42).

tion, which exceeds the calcium dissociation constant by
several orders of magnitude, is sufficient to ensure saturationRESULTS
of all Ca&* binding sites 85).

All NMR relaxation experiments were performed at 298  *°N Relaxation Data Analysis.ongitudinal ¢*N-R1) and
K on a Bruker-600 spectrometer equipped with a triple- transverse’N-R2) relaxation rates arfti-*>N heteronuclear
resonance, pulsed-field z-gradient probe. NMR data were NOEs (hNOEs) were measured for 34 residues of LR5, for
processed using GIFA version 4.38]. Data were linear 38 residues of LR6 and for 70 residues of the LR5-6 pair.
predicted in the indirect dimension and zero-filled before Spectral overlap and/or absence of cross-peaks precluded
Fourier transformation. A suitable apodization function was acquisition of relaxation data for D172, S173, S174, P175,
applied in both dimensions. The backbott¢ and N S192, and P199 of LR5, for V212 and P217 of LR6, and

Heteronuclear NOE values were determined from spectra
with and without proton saturation recorded in an interleaved
manner. A repetition delayfdb s was used for hNOE
measurements; proton saturation was achieved after an initial
delay d 1 s by means of a subseque# s train of 120
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FiGUure 2: Representative plots of intensity decays used to derive the relaxation paraRetgest panels) and=2 (right panels) for
residues in LR5 (a), LR6 (b), and LR5-6 (c). Curves represent the best fit to the data using a monoexponential decay model. Residues
E180, E187, D196, and A211 from LR5 (panels a and c), and residues E219, N226, D235, and V250 from LR6 (panels b and c) are shown.

for D172, S173, P175, P199, K201, R216, P217, F220, H229, + 0.13, —0.37 &+ 0.10, and—0.33 + 0.07, respectively)
and C240 of LR5-6. Uncertainties in the exponential fits were indicate that modules are well ordered.
about 2+ 1% (averaget SD) for R1 and 3 2% for R2; 1H-15N hNOEs are sensitive to fast pico- to nanosecond
based on observed signal-to-noise ratios, the error in thetime-scale internal motions. The large negative hNOEs at
measured hNOEs were & 4%. Representative plots the termini of LR5 and LR6 indicate that the termini in the
illustrating monoexponential fits used to determRE and individual repeats undergo fast internal motion. In the LR5-6
R2 for each molecule are illustrated in Figure 2. pair, a four-residue linker connects the last cysteine in LR5
We compared relaxation data measured for the backboneto the first cysteine of LR6. The observed decrease in the
amides of the individual repeats with the relaxation data for hNOEs in the linker relative to the core residues of both
the corresponding residues of the pair (Figure 3). The hNOE repeats indicates that the linker residues retain substantial
values are roughly uniform in the core regions, defined as flexibility in the covalently connected LR5-6 pair. The values
the residues bounded by the first and the last cysteine ofof the hNOEs are consistent with published hNOEs values
each module (Figure 3, panel a). The average hNOE valuesfor other flexible linkers 83, 34). The R1 relaxation rates,
of the core residues of LR5, LR6, and the LR5-6 paif(39 which decrease in the linker region, correlate well with the
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Ficure 4: Distribution of T1 versusT2 relaxation times measured
for the LR5-6 module pair. Errors for measur€tl values are 1.7
+ 0.8% (meant standard deviation), and errors for measuréd
b) values are 2.1 1.0% (meant standard deviation). Contour lines

180 190 200 210 220 230 240 250
residue number

R1 —— LR5-6 in the figure represent values 81 andT2 calculated as a function
(1/s) ] LRS+LRE of the Lipari-Szabo order parametg&t and overall correlation time

1 Tm Using the simplest LipatiSzabo model43). Labeled residues
507 inside thes? = 0.7 boundary correspond to sites in the LR5-6 linker

] and in the N- and C-termini; labeled residues clearly outside the
407 . _ < = 1.0 boundary, which also have elevated values(6j, are
30_2 1 f o e likely to be affected by slower (ms) time scale motions and are

1 A A s 1l 1‘. Mg A discussed in the text.

20 ',.-"‘j-’if'\il 4\;&?‘1‘?\;;?14 ‘\f N .‘é..i Eg'\f{* yXﬂl/k i"“" i L.

1B W ), Thr214) and in both termini (Ser174, Val250, Asn251) have
1.0 - ’ higherT1, T2 values than all other residues. The estimated

] order parameters for these residues are much lower than for

180 190 200 210 220 230 240 250
resicdue number

the core residues, indicating a high degree of local flexibility.
Reduced Spectral Density Mapping Analydecause

relative moments of inertia calculated from the X-ray

)y structure of LR5 and from the minimized average structure
(1/5) ] — IR56 of LR6 solved by NMR in solution are 1.0:0.82:0.60 and

] LRS+LR 1.0:0.79:0.54, respectively, anisotropic rotation of the indi-

20.04 vidual modules is likely to take place. Therefore, we analyzed

the relaxation data by spectral density mapping, which does
not require any a priori assumptions about molecular
geometry, type of rotational diffusion, or degree of internal
motion. Reduced spectral density mapping is preferable to
full spectral density mapping because experimental errors
lead to artifacts in the calculated high-frequency components
of the spectral densityd(). Thus, in analysis using reduced
spectral density mapping, the spectral density function at high
residue number frequencies, denoted,(wy), is assumed to be flat.
Ficure 3: Comparison of the hNOE (a) and relaxation ra®is Figure 5 compares the spectral density functid(®),
e e o ok T & o e J), () clculted for each residue in LRS and
number. Valueg for the individﬁal modules LR5 and LR6 are !‘RG with those of the LR5-6 ”?Od_“'.e pair. The averdg_é)
illustrated in blue, and values for the LR5-6 module pair are IS 1.14 0.4 (ns/rad) for each individual module and is 1.8
indicated in black. + 0.6 (ns/rad) for LR5-6. The overall correlation time,
estimated from the expressiop = 5/203(0)0)is 2.75+ 1.0
observed hNOE profile. The slow&2 relaxation rates for  ns for LR5 and LR6 and is 4.58 1.5 ns for each individual
residues in the termini and the linker between repeats aremodule in LR5-6. These estimateg, values are in good
also consistent with the large negative hNOEs and $dw  agreement with the correlation times of 2(80.4 ns and
relaxation rates. 2.8+ 0.6 ns (LR5 and LR6), and 4.4 0.5 ns (LR5-6)

To estimate the values of the order parameter for the linker calculated fronR2/R1 ratios (1.9+ 0.2, 1.9+ 0.3 for LR5
residues, we used an approach previously employed byand LR6, respectively, and 322 0.4 for each module in
Campbell et al. 32, 34). In Figure 4, the experimental T1  LR5-6). Only residues that have hNOEs &ftivalues within
values are plotted against T2 relaxation times for the LR5-6 one standard deviation from the corresponding average values
pair. Contour lines in the figure represent values of T1 and were included in calculations d®2/R1 ratios.

T2 calculated as a function of the Lipari-Szabo order  The observed, for the LR5-6 pair is significantly lower

parameterS and overall correlation time, using the than the correlation time predicted for this pair if the modules
simplest Lipari-Szabo mode#d). It is clear from the plot have a fixed relative orientation and tumble as a single
that the residues in the linker (Ala211, Val212, Ala213, structural unit (5.6 ns or greater depending on geometry).
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Ficure 5: Reduced spectral density mapping of the individual
modules LR5 and LR6 and of the LR5-6 module pair. The spectral
density functions (aJ(0), (b) J(wy), and (c)Ja(Wy) are plotted as

a function of residue number. Values for the individual modules
LR5 and LR6 are illustrated in blue, and values for the LR5-6
module pair are indicated in black.

Indeed, the overall correlation times of proteins with fixed
interdomain orientations is usually much higher thanithe
values of their individual domains, (e.g., ré32 and 44).

An increase in the correlation time of the LR5-6 pair (as
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FiGure 6: Correlation of the spectral density functid(D) with

(@) Javlwp) and (b)J(wy) for the LR5-6 module pair. The line
shown is the best fit from least-squares regression analysis. The
indicated residues, which have the lowest valued(af, all lie in

the LR5-6 linker or at the C-terminal end of LR6.

undergoing uncorrelated motion, the valuergfincreases
when the individual modules are connected in the p&y (
47).

Residues at the N- and C-termini of the individual modules
and the linker residues from 211 to 214 of LR5-6 have
smaller than average valuesJ), reflecting local flexibility
(Figure 5, panel a). The decreased valueX@ffor the linker
are also consistent with the decreagd@aly) values and the
elevatedJ,(wy) observed at these residues.

At a given residue, an increased contribution of high-
frequency Ja,(wn) is characteristic of increased internal
mobility. In the termini and linker, the decreaseJ{®) is
accompanied by the expected increas&ifwy) (Figure 6,
panel a) and is well correlated witlfwy) (Figure 6, panel
b). The overall shape of the spectral density function was
further characterized usingy,{wy)/J(0) ratios @2). For the
core residues of LR5-6l,,(wy) contributes relatively little
to the overall spectral density (046 0.2%; average ratie-

SD). In contrast, the contribution dfy{(wy) at the termini

is much greater, with ratios ranging from 1.4 to 3.7%. The
linker residues of LR5-6 also have increaskg(wy)/J(0)
ratios with values of 1.4, 2.5, 2.9, and 1.6% for residues
211, 212, 213, and 214, respectively, reflecting an increased
internal mobility of the linker.

Residues A178, E180, C183, E187, C201 of LR5, residues
S223, S231, K241, S244 of LR6 and residues E180, C183,

compared to each individual module) is likely a consequence S192, S205, S223, S231, K241 of the LR5-6 pair h#0g
of the spatial exclusion imposed by the presence of a secondvalues more than one standard deviation higher than the

module attached to the first one by a short link&s)( Even

average (Figure 7). The elevatelf0) values for these

for two modules connected by linkers of 25 and 50 residues residues suggest the presence of conformational exchange.
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§ -5 bond Several findings support the conclusion that the linker
| 5'5"°""l | lS'S"""" 7 between LR5 and LR6 (i.e., residues 212114) is highly
FRS.cc 175 11y NSSRCSAFEFHCLSGECTHSSHRCDGGRDCKDKSDEENCA flexible and that position of one module with respect to the

other is not fixed. First, the experimentally measured hNOEs
of the linker are decreased relative to the hNOESs of the core
residues, as are tiRl andR2 relaxation rates. The estimated

Q00

o] ® ° [ ] (4 o]
LRS-6 pair  DSSRCSAFEFHCLSGECTHSSWRCDGGRDSKDKSDEENCA
(residues 172-251)  VATCRRDERQCSDGNCINGSRQCDREYDSKDLSDEVGCVN

LLR6 jele] [ 3 e ® o0
(residues 212 - 251)  WATCRRDEFQCSDGNCIHGSRQCDREYDCKDLSDEVGCYN range of order parametegs for the linker residues (Figure
2 . . . . .
Ca™ coordinating residues O mom "= 4) are much lower than for the core residues. These estimated

FIGURE 7: Relaxation features of individual residues indicated on S’ values are similar to order parameter values, extracted
the primary sequence of LR5, LR5-6, and LR6. Open circles: from a database of NMR-derived relaxation parameters, for
residues with J(0) < [J(0)J— 1.0*SD). Filled circles: residues  flexible terminal residues of proteingg).

with J(0) values increased over averadéy > [J(0)H 1.0*SD). ; ; P
Residues for which relaxation data could not be measured are Second, the linker residues also exhibit elevated values

indicated with backslashes that strike through the single letter amino ©f Jav{Wt), which suggests increased high-frequency local
acid code. The positions of calcium coordinating residues are motion. Furthermore, the spectral density functid(®)
indicated on the bottom row. Filled squares: coordination by side decreases in the linker region of LR5-6, a finding that again
chain carboxylate group; open squares: coordination by backbonejs consistent with the presence of high-frequency internal
carbonyl group. motions in the linker. All of these properties change gradually
from either end of the linker, reaching an extreme value at
Sites in LR5 and LR6 that have increaséD) values the two middle residues, which lie at positions 212 and 213

correspond remarkably well with each other. For example, of the primary sequence.

residues around the second and the fifth cysteine of each Third, the pattern of internal dynamics in each module is
module (residues C183 and C201 of LR5; C222 and C240 Very similar when the spectral densilp) values for residues

of LR6) have an increasel{0). The elevated values df0) from an isolated module are directly compared i) for

at or near these sites can be attributed to isomerization aroundhe same residues in the module pair. When the value of
the disulfide bond between the cysteines. There is noJ(0) is increased in LR5 or LRG, it is also increased in the
evidence of conformational exchange around the other two LR5-6 pair. Furthermore, the variation 4f0) as a function
disulfide bonds. The increase iB2 observed for the  Of position in the amino acid sequence is similar in the
backbone amides of S192 and S231, which occupy corre-individual modules and in the module pair, and t}®)
sponding postions in modules 5 and 6, respectively, may profile of each individual module is essentially unchanged
result from ring flipping of adjacent histidine residues, which in the covalently connected LR5-6 pair, suggesting that one
have their imidazole rings located withs A of theaffected module exerts little influence on the internal dynamics of
amides in both modules. More generally, comparable posi- its neighbor in the LR5-6 paf.

tions of LR5 and LR6 have elevatd(D) values. This finding The four-residue linker, although short, is capable of
indicates that similar residues have slow internal dynamics Separating the two modules by up to 15 A when it is modeled
in LR5 and LR6. In the covalently bonded LR5-6 pair the in an extended conformation (Figure 8, panel a). Modeling
residues with elevated(0) are essentially the same as in calculations performed on a pair of fibronectin type lil
the individual modules (Figure 5, panel a), suggesting little modules connected by a flexible poly(glycine) link&2)
change in the behavior of individual repeats when covalently reveal that linkers as short as two residues may permit

connected. unrestricted intermodular motions described by the “twist”
angle (Figure 8, panel b), although the “tilt” of one module
DISCUSSION relative to the other can be affected even when a linker is

10 residues long (Figure 8, panel c). Restrictions resulting

The ligand-binding domain of the LDLR consists of seven from direct spatial exclusion imposed by one module on its
contiguous LDL-A repeats, which are among the most neighbor result in an observed small increase in the overall
common extracellular protein modules in the sequence correlation timer,, of the LR5-6 pair when compared with
database. Each of the seven adjacent LDL-A modules of thethe 7, values for the individual modules.
LDLR is connected to the next by a four-residue linker of  Other findings also support a model in which the LR5
variable primary sequence, except for modules four and five, and the LR6 modules act independently in the module pair.
which are connected by a 12-residue linkd).(Close  The Ca&" affinity of LR5 is the same whether LR6 is
homologues of the receptor, including the LRP, megalin, covalently attached, and chemical shift perturbations occur
apoE-R2, and the VLDLR, also utilize similar arrangements primarily in the linker residues when LR5 and LR6 are
g;c tandemly repeated LDL-A modules to bind ligands ( covalently connected3g, 49). Furthermore, no linker

Although a wealth of structural information about indi- 2The larger increase if(0) for S231 of the LR5-6 pair [as compared
vidual LDL-A modules has accumulated, much less is known to the value ofJ(0) for S231 in the single module] may result from

about whether the short linkers that connect adjacent modulegninor differences in pH between the two NMR samples. Under the
experimental conditions used (pH 5.6), even a change of only 0.1 pH

impose any rotational constraints upon one module with \,icou1d shift the populations of un-ionized and ionized histidine side
respect to the next. We used NMR relaxation to analyze the chains, which havelfy values near 6.0 when solvent-exposed, by about
overall and internal dynamics of the individual modules LR5 6% in the vicinity of the affected serine. Given the known structures

and LR6 and of the LR5-6 module pair to evaluate the of the individual modules LR5 and LR6, it is highly unlikely that only
the two serine residues at corresponding sites in modules five (S192)

amount of intermodular flexibility allowed by the four residue  anq six (S231) contact each other in the module pair and the relaxation
linker. properties of other residues do not change.
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Ficure 8: (a) Ribbon model of the LR5-6 pair showing the X-ray structure of LR ¢onnected to the NMR structure of LRBY) by

a flexible extended linker. Core residues of LR5 and LR6 are shown in green, flexible residues of the termini and linker are in red. Calcium
ions are illustrated with violet spheres and disulfide bonds are shown in yellow. The flexibility of the linker allows essentially unrestricted
rotation or “twist” (b). The bending or “tilt” (c) of one module with respect to the other is partially limited by spatial exclusion.
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