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ABSTRACT. The data most commonly available for the determination of macromolecular structures in
solution are NOE based distance estimates and-ggim coupling constant based dihedral angle estimates.
This information is, unfortunately, inherently short-range in nature. Thus, for many multidomain proteins,
little information is available to accurately position weakly interacting domains with respect to each other.
Recent studies of proteins aligned in dilute liquid crystalline solvents have shown the utility of measuring
anisotropic spin interactions, such as residual dipolar couplings, to obtain unique long-range structural
information. In this work, the latter approach is taken to explore the relative domain orientation in a
two-domain fragment from the protein barley lectin. An approach based on singular value decomposition
as opposed to simulated annealing is used to directly determine order tensors for each domain from residual
15N—1H dipolar couplings, and the limitations of the two approaches are discussed. Comparison of the
order tensor principal axis frames as separately determined for each domain indicates that the two domains
are not oriented as in the crystal structure of wheat germ agglutinin, a highly homologous pr&@&%b (
sequence identical). Furthermore, differences in the order tensor values suggest that the two domains are
not statically positioned but are experiencing different reorientational dynamics and, to a large degree,
may be considered to reorient independently. Data are also presented that suggest that a specific association
occurs between one domain and the lipid bicelles comprising the liquid crystal solvent.

It is increasingly apparent that proteins seldom act in NMR,! being applicable to aqueous solutions, may well have
isolation when carrying out cellular functions: multienzyme a role to play in the structural definition of protein assemblies.
systems cooperate in the synthesis of complex molecules, Traditionally, NMR approaches to biomolecular structure
enhancers and inhibitors control the activity of enzymes, have been based on distance constraints derived from NOEs
proteins assemble to make protective coats or structural(1). For the questions at hand, this approach is limited
entities, and proteins interact in signal-transduction systems.pecause of the paucity of observable constraints at pretein
The protein-protein or domair-domain interactions in these  protein or domair-domain interfaces. This arises as a result
systems raise structural questions about proteins to a newof the short-range (i) interaction on which NOE-derived
level. We must know not only how individual domains of distance constraints are based and because of the difficulty
proteins are internally structured, but also how they are in assigning discrete resonances for the side chains and
oriented with respect to one another in functional assemblies.termini most frequently involved in domairdomain con-
These assemblies can easily be fragile and transient intacts. Herein, we present an alternate approach based on
character and highly dependent on their immediate environ- orientational constraints derived from residual dipolar cou-
ment. While X-ray crystallography has made important plings that are seen in protein spectra taken in partially
inroads here and has provided most of information of oriented mediad—5). We apply the approach to a question
structure at the atomic level of individual protein domains, of domain-domain orientation in a two-domain fragment

of the barley lectin protein.
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and degree of order for the domain. If a common interaction on NOE contacts or other short-range structural reporters
with the medium orients each of several domains, the alone. Moreover, no multimeric species were observed from
resulting orientation frames and degrees of order for properly electrospray mass spectroscofty)( and BLBC was found
positioned rigid domains must coincidé)( Thus, residual  to contain two independent binding sites. This departure from
dipolar couplings can provide long-range information about dimer properties expected from the crystal structure and the
relative domain orientation in multidomain proteins. Care- absence of specific information on interdomain contacts in
fully analyzed via an order matrix approach, these observa-solution samples raised an additional question regarding
tions can also be used to investigate independent domainwhether the relative domain orientations of the B and C
motion and the nature of domain-orienting medium interac- domains in the monomer were retained as in the WGA crystal
tions. There are now numerous examples of dipolar datastructure or whether there was more widespread loss of
collected on proteins oriented either by inherent magnetic crystallike properties. Answering this question would not
susceptibility anisotropy3{ 4, 7) or by dissolution in liquid only provide useful information about the properties of a
crystal media that include phospholipid bicelle® @nd member of the cereal lectin class of carbohydrate binding
bacteria phaged(-11). Herein, we use a bicelle medium to  proteins but also provide a test for methodology based on
study domain orientation in a two-domain fragment of a orientational constraints that might be applicable to a broader
carbohydrate binding protein, barley lectin. range of questions involving the organization of domains in
Carbohydrate binding lectins, which are found in all multidomain protein assemblies.

organisms, have been shown to play key roles in such The orientational methods to be employed herein for the
important physiological processes as fertilization, cell adhe- determination of domain orientation are, of course, capable
sion, and host defens&Z, 13). The individual domains of  of giving structural information about arrangements of bonds
lectins actually have rather low affinities for the carbohydrate and secondary structural elements within individual domains
ligands that they recognize. But, when ligands are arrayedas well. Approaches that incorporate orientational data in
on cell surfaces, or are presented as part of multiantenniarysimulated annealing protocols for structure determination
conjugates on glycoproteins, they can be recognized byhave now been applied in the refinement of several protein
multidomain aggregates with high affinity and specificity = structures 18). While an NOE-based structure of the
(14). Hence, lectins usually function as multidomain ag- individual domains in the BLBC fragment was determined
gregates and relative domain orientation is a central issue inin the course of the previous work on ligand binding, these
the lectin field. structures were not of high precision. Thus, we also explore
Barley lectin (BL), the subject of this study, shares the possibility of simultaneously determining domain ori-
approximately 95% sequence identity with another member entation and refining structures of individual domains using
of the highly conserved class of proteins known as the cerealg simulated annealing procedure. Several cautionary notes
lectins, namely, the well-characterized wheat germ agglutinin about the use of such procedures emerge.
(WGA). WGA has been well-characterized by X-ray crystal-
lography (5). Both WGA and BL consist of four homolo- MATERIALS AND METHODS
gous domains labeled AD. Each well-defined 43 amino
acid domain contains one carbohydrate binding site and is Bicelle Preparation.Two dilute bicelle solutions were
composed of two antiparallgtstrands plus a shoet-helix. prepared using essentially identical procedures. The method
Each domain is stabilized by a network of four disulfide Was given in detail in a previous worll9). To summarize
bonds. WGA and BL exist as dimers with intersubunit briefly here, samples of dimyristoylphosphatidylcholine
contacts between domains-AD,, B;—C,, C;—B,, and D— (DMPC Sigma, St. Louis, MO) and dihexanoylphosphati-
A, where subscripts indicate the subunit. This dimerization dylcholine (DHPC Avanti Polar Lipids, Birmingham, AL)
results in macromolecules with as many as eight carbohydratewere dissolved in small volumes of aqueous buffer. Vor-
binding sites. However, crystal structures show only some texing and several freeze/thaw cycles were required to
of these sites to be occupied and also show occupancy at aftomogenize the DMPC dispersion, which was then heated
interface between pairs of domains in a way that might to above thel'r, of pure DMPC (23C). The DHPC solution
preclude the simultaneous use of all sit&§)( Whether this was added, and the resulting mixture was vortexed and then
level of occupancy and mode of binding persists in solution duickly frozen in a methanol/solid Gath. The solution
remained in question. In an effort to explore lectin structure Was then allowed to slowly come to room temperature. The
and carbohydrate binding in solution, a two-domain fragment final bicelle solutions contained 5% (w/v) lipid in 25 mM
of the barley lectin protein was engineered and studied by Phosphate buffer at pH 6. A small volume of concentrated
conventional NMR methodsl{). The fragment, consisting hexadecyl(cetyl)trimethylammoniumbromide (CTAB, ACROS,
of domains B and C, was chosen both to reduce the molecularair Lawn NJ), a positively charged lipid dopant chosen to
size to one amenable to NMR study and to reduce the discourage electrostatic association of bicelles with BLBC
heterogeneity of binding sites present. This construct was at pHs below its isoelectric point, was added to the prepared
named barley lectin BC or BLBC. If the construct dimerized bicelle solutions.
as in the crystal structure of WGA, two identical BC interface  The two preparations differ in two ways. First, the exact
sites would be formed. A structure for the B and C domains molar ratios of DMPC/DHPC are 2.9:1 and 2.8:1 in prepara-
was determined by NMR method&7). tion 1 and preparation 2, respectively. These ratios were
As is often the case for multidomain proteins, however, intended to be identical, but they differed due to difficulties
very few interdomain NOEs were observed. Because of this in weighing DMPC and DHPC due to the hygroscopic nature
scarcity of interdomain NOE contacts, it was difficult to of DHPC. The ratios given were determined by integration
position the two domains with respect to each other basedof 3'P spectra of the bicelle solutions. The small difference
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in DMPC/DHPC ratio is not expected to have significant T pc 1. NMR Spectral Aquisition Parameters
effects. Second, the two preparations have different ratios
of uncharged to charged lipid. In preparation 1, the ratio of

Gradient Selected-Coupled-HS®C

DMPC/CTAB was 19:1, while in preparation 2 the ratio was preparation 1 preparation 2
34:1. As aresult of the slightly different DMPC/DHPC ratios ~ temp: 25°C/34°C 25°C/39°C
and the different DMPC/CTAB ratios, the two sample geledctsrt;;?\?v?ctjrt]r:] AN 6%%% ’;f'":/zz 000 Hy 2880'\"'_""22/2000 o
prepqratlong undergo their ordered to d|sordered trans[tlons p'gims EHIEN): " 5048/256 2048/160
at slightly different temperatures and experience optimal quadrature method: gradient selected  gradient selected
ordering at 34 and 39C, respectively. pulse lengthsH/™N): 8.35us/31us 7.1usl42us
Protein Preparation.The *N-labeled protein was ex-  no.oftransients: 32 310

pressed and purified as previously describ&éd @nd then total experimental time: 8 h 50h
concentrated using a Centricon 3-SR microconcentrator J-Modulated-HSQE
(Amicon, Inc., Beverly, MA) to~200uL. The concentrate preparation 1 preparation 2
was subsequently'dlluted t9490ch using a 10% sonUon temp: 25°C/34°C 25°C/39°C
of bicelle preparation 1. The final protein concentration was field strength: 500 MHz 600 MHz
estimated to be~0.3 mM in preparation 1. BLBC was  spectral width{H/**N): 6000 Hz/2000 Hz 8000 Hz/2000 Hz
recovered from preparation 1 using a 50 kDa cutoff Centricon gﬂg‘éfa(:’:r’:’r\géthod_ Zoégigg_wpl Zo‘slgfeos_wpl
50 concentrator that aIIovx_/ed thg protein and some DHPC/ pulse lengths/1N): 8.35u5/30us 7.2us/42us
CTAB to pass through, while retaining the bulk of the bicelle  water selective G3 pulse: 2.1 ms 2.0 ms 2200 Hz
medium. The protein was reconcentrated and separated from bandwidth
any DHPC/CTAB usig a 3 kDa cutoff Centricon 3-SR. The ~ No. of transients 168 300

total experimental time: 30h 62 h

protein was then diluted with a 10% solution of bicelle : : :
preparation 2, resulting in a protein concentration of ap- _ *All experiments run with water flip-back pulses, 1.5 s presat, and
roximatelv 0.1 mM GARP decoupling during acquisitioRAll experiments run with 42
P y. ’ ’ 1 ms constant time period.
The protein gave reasonably well-resolVéN—H het-

eronuclear single guantum coherence (HSQC) spectra despite . ) . .
the low concgntrgtion and complex (bicéﬁe)mlioxture Thg modulated by either the sine or the cosine of the effective

spectra of BLBC dissolved in the two different bicelle coupling. If the_ sca_lar couplingd, are known or separately
preparations appear virtually identical despite differences in .measu.red asin this case fromJ-anqduIated HSQC.: of an
composition and slight differences in acquisition tempera- |sotrop|ca||.y oriented Sf':lmple, the ratio of thg signal intensities
tures. Comparing the 2D, 15N} peak positions indicates from the sine and cosine mpdulate'd experiments can, again,
an average deviation 6f0.00+ 0.02 ppm (70% confidence be used to extract the res_ldual_ dipolar couplings. Experi-
interval) in the proton dimension. Similarly, the nitrogen mental detalls_ar_e summarlze_d In Table_ 1'.
dimension showed an average deviation of ©.0.1 ppm. Dgta Analysisvia Order Matrix DeterminationAn order.
This suggests that if differences are observed in orientationalMatrx appro_ach was used to analyze measured residual
properties for the two preparations, they are due to differ- dipolar couplings in term; of an order mqtrS(,The angulgr
ences due to alignment as dictated by the bicelle medium 3V€rage that appears n the expression for the dipolar
and are not due to any structural changes within the domainsCPUPIiNg between nuclen andn,
of BLBC itself. mn

Measurement of Residual Dipolar Coupling3roton- D™ = kmr(m—_l)
nitrogen dipolar couplings are typically extracted fréiN- 2
labeled samples in one of two ways, both of which were . L
employed for this study. One method is based on frequency's. over _the ang_leﬁm” between th_e magnetic field and the
domain analysis of a modified protemitrogen HSQC dipolar [nteractlon vector, that is, the |2:ernuclea}r vgctor
spectrum. The protonnitrogen dipolar D) and scalar J) connecting nucleim aqd n. The constantk  appearing in
couplings are simply not decoupled and are allowed to evolve eql erends on the.'dent't'es Of.the.partlmpatmg spins and
during the'>N chemical shift evolution period, resulting in the distance separating them. It is given by

(1)

a doublet in the nitrogen dimension. The experiment is 2uh
performed twice: once, at a temperature below the liquid KM= — Vm)/ni (2)
crystal transition temperature at which the bicelle/BLBC (47)? (rﬁm)

solution is not oriented, and once, at a temperature at which

the bicelles and BLBC molecules are optimally aligned. The where u, is the permittivity of free spacer is Planck’s

first experiment, herein run at 2%, results in splittings  constant/z, andyn, and y, are the magnetogyric ratios of

due to scalar couplings aloné Kz), while the second, 34  the coupled nuclei. The term,, is assumed to be fixed at a

or 39 °C, shows splittings due to the sum of scalar and ®N—!H amide bond length of 1.02 A.

dipolar couplings{ + D Hz). Taking the difference allows The angular average of eq 1 can be decomposed into

the dipolar couplings to be extracted. averages over the time dependent direction cosines relating
A second method that avoids the spectral crowding due the magnetic field to a coordinate frame rigidly affixed to

to the doubling of the peaks in the nitrogen dimension was the domain of interes{,cos6x, coséy, cosé;}, and into the

developed in this lab20). In this method, dH—N HSQC time independent direction cosingsos g™, cosg,™, cos

is modified to allow the protorinitrogen coupling to evolve  ¢,™} relating themrth dipolar interaction vector to the same

for a constant time period. The resulting signal intensity is domain frame:
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cos; coso; — 6” motion of the rigid entity. In addition, diagonalization allows
D™= K™ cosg;"" cosg™ one to determine the principal axis system of this motion
ij=(xy.3 2 and, from this, the most probable orientation of the rigid
©) entity relative to the ordering force.

Structure Refinemenia Simulated AnnealingAn alter-

Following the formalism due to Saup2lj, the averages in . ; ; . .
b . : e nate method for the analysis of residual dipolar couplings is
the previous expression are identified as the elements of a

. . the use of dipolar couplings as restraints during a molecular
symmetric, traceless tensor known as the order magix, o ) .
: . dynamics/simulated annealing NMR structure refinemesyt (
allowing eq 3 to be rewritten as

22, 23). Herein, we use a software package called CR4, (

but it is expected to share characteristics with other simulated
annealing protocols. These approaches have been fully
described by their authors in the literature. Briefly the
simulated annealing approach introduces a residual dipolar
coupling restraint energy that is minimized when the dipolar
interaction vectors are oriented correctly with respect to a

D™= K™ z S; cosg" cosg™ 4)
Li={xy.2

Here and throughout, the convention is adopted &4t >

ISyl > |Sud. It is assumed that the domain or domain core
used in this analysis has a rigid, known structure, i.e., that , o
the direction cosines of each internuclear vector in the €férence coordinate frame or, similarly, when the molecular
domain frame, cog™, are known and are time independent. f2gment, as a unit, is correctly oriented. Equations for
This restriction need not be too severe since proteins oftendiPolar coupling are often expressed in a form slightly
contain rigid, well-structured domains as in BLBC or well- different from eq 3. In the principal axis system of the order
defined units of secondary structure, such as the helices oft€NSOr, One may write

myoglobin (). Even units as small as peptide planes can be 3

considered rigid entities provided sufficient data are available D,,,, = D,(3 cog 6™ — 1) + EDr(s,in2 0™ cos ™) (5)

for each single peptide.

Given a rigid entity, the order matrix that reproduces a
set of observed dipolar couplings can quickly and efficiently
be determined using an analytical technique called singular
value decomposition. This is done using a software program
called ORDERTEN_SVD developed in this faf). Since
an order matrix has five independent elements, at least five
dipolar couplings per rigid entity must be observed. In
principle, fewer than five measurements can be used, but
the resulting indeterminacy of solutions, known as the null
space, increases the possible set of acceptable order matrixes.

In practice, even five or more observed couplings may not K™ S,= D, (1 + §R)
be sufficient to precisely define the order matrix. For 2
example, parallel internuclear vectors, such as the nearly

parallel N-H vectors in ano-helix do not provide unique K™, =-D (1 - §R) (6)
information for the determination @& In short, the greater 2

the number of observed couplings and the greater the range

of coupling values observed, the more precisely OR- Where
DERTEN_SVD can determine an acceptable order matrix.

Of course, if one has large numbers of measurements, each
with experimental imprecision, a single order matrix may . .
not reproduce the observed couplings exactly. In fact, one It €an clearly be seen from eq 5 that if an internuclear
would like to determine the set of order matrixes that VEctor were parallel to the-axis of the principal axis system,
reproduce the observed dipolar couplings to within their € angle 6™ would be 0 and the dipolar coupling
specified experimental uncertainties. ORDERTEN_SvD €xpression would reduce to
accomplishes this in the following way. A new set of dipolar o
coupling inputs is generated by randomly choosing each max — 2D4 (7)
coupling from a distribution around its observed value. The
distributions are assumed to be Gaussian with standardThus, the axial component of the alignment ten8gf,may
deviations equal to the estimated experimental uncertaintiesbe estimated from the largest observed dipolar coupling.
These randomized inputs are used to generate an ordeAlternatively, wheng™ = ¢™ = 90°, a minimum value of
matrix. This process is then repeated many times; typically the coupling results. In this case, eq 5 is reduced to
>10 000 cycles are performed.

Finally, an acceptable order matrix can be diagonalized mn _ —I(’“F{D + §D] = —K"D [1 + §R] (8)
to return its three principal values, or order parameters, which mn a2 a2

reflect the degree and nature of the possibly anisotropic ] o ] )
allowing for an estimation of the axial and rhombic

2The program ORDERTEN_SVD and documentation are available components of the allgnment tensbg,andDr, reSpeCtlvely’

for download from the Prestégard Laboratory home page at http:// 9iven an estimate or Segrch for the optimum rhombidry,
tesla.ccrc.uga.edu. (18). Alternately, the axial and rhombic components may

whereD, andD; are the axial and rhombic components of
an alignment tensor and the angi#8% and¢™" are the fixed
polar angles of thamrth internuclear vector within the
principal axis system. The following relationships make the
connection between this formalism and the order matrix
formalism:

K™S,,=2D,

R=D,D,
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301 . near its zero crossing, i.e., whefie= the magic anglex
A 54.7% (see eq 1). No dipolar couplings are reported for
ﬁ 20 residues whose peaks were obscured by spectral overlap
T : preventing precise determination of the coupling.
~ 10 1 Order Matrix Analysis Using Simulated Annealirithe
%‘3 I. |J| h dipolar coupling data collected for this work were analyzed
= 0 r'l - C Ella ll ' g ] using both ORDERTEN_SVD and a CNS-based simulated
g-‘ annealing energy minimization as outlined above. The
o -10 apparent advantage of the simulated annealing method is that
@ no prior knowledge of the structure of the molecular fragment
5 20 Core B Core C is required, and crude structures such as that which result
S 30 from the NOE-based NMR data might actually be simulta-
= B ‘ neously refined. To exploit this possibility, dipolar coupling
e ; information was added in the form of orientational restraints
= | along with all other available structural information into a
= 10 } CNS structure refinement protocol. These data include 279
= l Ili I“ 3 intraresidue and 265 interresidue NOE-derived distance
3 0 1 I'II " |'|I|.' r‘} constraints, the latter including 84 restraints between proton
%4 ‘ pairs four or more residues apart. Upper and lower bounds
-10 1 for these constraints were chosen as described in our previous
| work (17). Estimates of the alignment tensor components,
-20 e J Da andD;, were made from the observed dipolar couplings:
60 80 100 120 a difficult task given the relatively small number of observed
Residue Number couplings. Following suggestions in the literatulé)( the

) i . . weighting factorkgpc (g 9) was allowed to increase slowly
Ficure 1. Experimentally observed dipolar couplings versus . . ;
residue for BLBC in bicelle preparations 1 and 2, panels A and B, OVer the course of the simulated annealing calculation from

respectively. Vertical lines delineate the well-structured core regions 0 to some maximum value. Our results were fairly insensitive
used in this study, namely, residues-3 of domain B and to changes in the maximum valuelgfc ranging from 5 to
residues 106126 of domain C. 20 kcatHz 2. In every case, structures were obtained that
satisfied all the dipolar couplings to within their experimental
uncertainties.

Simulated annealing cycles requiring several hours each
were successfully performed indicating that a molecular
| Structure and/or orientation that satisfied all restraints,
including the dipolar coupling restraints, could be found.
However, the resulting orientations of the order tensor
principal axis systems relative to the molecular frame showed
little or no convergence to a single orientation (see Figure
2, panels Ax, Ay, and Az). This, we believe, was due

be deduced from the powder pattern-like distribution of
observed dipolar couplings provided that is complete enough
(29).

The estimates oD, andD; are fed to CNS along with a
preliminary structure and any other available structura
restraint information. Given a tentative orientation of the
molecule with respect to a reference coordinate frame, the
estimates ofD, and D, can be used to calculate dipolar
couplings and to generate a pseudoenergy

E . =k Z( mn _ pmn 2 primarily to the small number of NOE restraints available
residual dipolar coupling DC o Measured Calculate for BLBC. Only when synthetié3CO—13CO, 13C(1—13C0L,

9) and 'HN—'HN distance restraints generated from the ho-

_ _ n n mologous WGA X-ray structure were introduced to help

wherekgpc is a weighting factor andle,s re@Nd deacuiated immobilize the structure was the simulated annealing ap-

are the measured and calculated coupling constants, respeGsroach able to reorient the molecular fragment as a whole
tively. This energy is minimized during the subsequent anq 1o determine the principal axis orientation to reasonable
5|mulat_ed annea}llng/molepular dynamics _calculatlons to precision. Figure 2, panels Bx, By, and Bz, shows the results
determine the principal axis frame of the alignment tensor {5, qomain B of BLBC when 853 such restraints were added:
and, hopefully, to refine the molecular structure. 459 of the 853 restraints (153 each®80—13CO, 13Co—
RESULTS 13Ca, and'HN—'HN restraints) were from the well-defined
core of domain B, residues 581. The synthetic distance
Measured Dipolar CouplingsDipolar couplings were  restraints were tightly bounded 0.2 A, and residues 58
observed for 34 residues of domain B and 33 residues of 60, 63-65, 99-101, 108-109, 118-120, and 122124
domain C in BLBC. They are presented graphically in Figure were omitted since they are at or near the sites of sequence
1 (see Losonczi et al. for experimental detai§)( Both divergence between WGA and BL/BLBC. Clearly, a mol-
positive and negative values are observed ranging fr@n0® ecule may satisfy dipolar coupling restraints in two ways:
to 7.9 Hz for preparation 1 and from22.0 to 27.4 Hz for first, by molecular reorientation; second, by subtly altering
preparation 2. The experimental uncertainty is estimated atthe structure near individualNH bonds so as to satisfy the
0.2 Hz. Note, an observed coupling of nearly 0 Hz is a restraints without globally reorienting the domains. In the
legitimate observation and, in fact, is a very powerful case of a molecule such as BLBC that is not restrained by
observation since the (3 co8 — 1)/2 angular dependence many NOEs, the second option is viable. This highlights one
of the dipolar coupling changes rapidly as a functiorfof  of the potential difficulties involved in simultaneously
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I T defined to a reasonably high degree using data from outside
AX// ﬂ‘i\,? B)S/\\ z \ sources, determination of the order tensor orientation and
- | Z /| // \ order parameters via the SVD approach presents an efficient
S0 ‘ alternative to simulated annealing. A domain, secondary
o S structure element, or other fragment that can be considered
free of large amplitude or nonuniform internal motions can
serve as the required rigidly defined fragment, i.e., a rigid
entity whose total motion can be described by a single order
matrix. In BLBC, one might choose these entities to be the
individual B and C domains in their entireties. However, it
is well-known that chain termini and loops in protein
structures frequently have large degrees of internal motion.
We, therefore, choose more restricted fragments within each
domain. Examination of the NMR structures of BLBC
indicates a well-defined core region in each domain that
contains g3-sheet plus a shor-helix motif. The residues
in these motifs, B:His59Cys74 and C:LeulG2Lys117,
showed backbone RMSDs of 1.850.40 and 0.44t 0.08
A, respectively. These core regions are also believed to be
structurally rigid because of the four disulfide bonds per
domain, B:46-61, B:55-67, B:60-74, B:78-83, C:89-
104, C:98-110, C:103-117, and C:12%+126, two of which
“cap” the well-defined core regions. This core region is also
defined to higher resolution in the X-ray structure of WGA.
For thef-sheet plus shor-helix core region, the backbone
RMS errors between the average NMR structure of BLBC
and X-ray structure of WGA are 1.47 and 1.17 A for domains
B and C, respectively. The resolution of the NMR structure,
the sequence and structural homology with the high-
resolution X-ray structure of WGA, and the presence of four
stabilizing disulfide bonds per domain provide good justi-
fication for considering the well-defined core regions of
domains B and C (B:5981, C:106-126) to be rigid entities
suitable for the SVD approach.
Ficure 2: Orientations of the domain B order tensor principal axis ~ |n BLBC, 16 of the observed dipolar couplings are from

systems in the molecular frame as determined via simulated : :
annealing. In all panels, the possible orientations ofthg or z the core of domain B and 21 are from the core of domain C.

axes (light lines) are shown in the molecular frame (heavy lines). 1hrough the use of these dipolar couplings (error values of
Panels Ax, Ay, and Az show the setxef y-, andz-axis orientations, 2—3 Hz were used to allow for imperfections in the structural

respectively, determined from the available experimental data. No models) along with the domain structures and domain
preferred alignment is readily apparent. Panels Bx, By, and Bz Showorientations observed in the WGA X-ray structure, the order

the set ofx-, y-, andz-axis orientations found after combining the . . -
experimental data with 853 synthetic distance restraints calculatedter_lsors for domains B and C were determined independently

from the WGA X-ray structure (300 €Ca, 300 CO-CO, and ~ using ORDERTEN_SVD. The WGA X-ray structure was
253 HN—HN restraints for domain B). 153 of each type were from taken as the structural model of the B and C domains: this

the well-defined core region of domain B. Residues at or adjacent model was better able to reproduce the observed dipolar

to the sites of sequence divergence between WGA and BLBC were o\ jings than was the low-resolution NMR structure. As
omitted. Similar results (not shown) were obtained for domain C

by augmenting the experimental data with 52@-Ca., 528 CO- described in a previous work that details the technical
CO, and 496 HN-HN synthetic restraints. ’ implementation of ORDERTEN_SVD6], data that were

found to be inconsistent with the assumed WGA structural

determining the molecular structure and the order tensor model were removed from the calculations. It is worth noting
orientation via simulated annealing. This method may that these residues were at or near the locations of sequence
become more viable if (1) structural restraints other than differences between WGA and BLBC. In all, 13 of 16 and
those from N-H dipolar couplings are sufficient to produce 21 of 24 observed, dipolar couplings were used for domains
an extremely high resolution domain structure and (2) order B and C, respectively. A typical calculation of 10 000 cycles
parameters can be accurately estimated from the raw dipolartook less than 60 s on a 150 MHz Silicon Graphics Indy
couplings—difficult in cases of limited dipolar coupling data. = R4400 computer.
Clearly, additional data are more readily available with  The orientations of the resulting order tensor principal axis
doubly labeled samplest3C, '*N). In the current study, systems relative to the starting structure coordinate frame
however, we did not have the luxury of preparing these are shown in Figure 3 where a mapping technique known
samples and chose to use data from outside sources t@as the equal area pseudocylindrical Saudélamsteed
improve domain structure. projection was used to visualize the surface of a sphere. The

Order Matrix Analysis for each Domain Using OR- top and bottom tips of the map represefit and—Z in the
DERTEN_SVD.Given that a domain structure must be starting structure coordinate frame whiteX is in the very

7

“\ \
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Ficure 3: Orientations of the order tensor principal axis systems in the molecular frame as determined via SVD. Although the molecular
frame is arbitrary, the same coordinate frame is used for both domains. Panels A and B show the results for domains B and C of BLBC
in bicelle preparation 1. Panels C and D show the corresponding results for preparation 2. The-Skamsteed projection used here

maps the surface of a unit sphere into a plane by converting latith)den@ longitude {) to Cartesian coordinateg,y) via X = 1 cos¢,

y = ¢. The horizontal lines of latitude run from90° to 9C¢° in 10° increments. Vertical curved lines of longitude run frerd8C° to 18C°

in 20° increments. Each point in these plots represents the location, in the molecular frame, of the tix gf tihhe unit vector of the order

tensor principal axis system. The labeling ambiguity in panels B and D is due to asymmetry parapeieas,1 as discussed in the text.

center. The positions actually correspond quite closely to DISCUSSION

those derived using the simulated annealing approach ) . . .
described above and shown in Figure 2, panels Bx, By, and The derived order parameters and orientations, combined

Bz. The corresponding order parameters are shown in FigureWlth the dipolar couplings themselves, shown in Figure 1,

4. A parameter that is useful for characterizing the relation- 2" be used to investigate the relative domain orientation

ships of these parameters is the asymmetry parameter and dynamics in BLBC. If the two domains of BLBC were
defFi)ned by P y y paramgler, rigidly oriented with respect to each other as they appear in

the WGA X-ray structure, then the principal axis systems,

or alignment frames, of domains B and C should be

_ Sk~ Sy 10 equivalent to the alignment frame of the entire molecule and,

= S, (10) therefore, to each other. Examination of Figure 3 readily

shows that this is not the case for either preparation. In fact,
even if we choose an assignment &y andS,; that is most

whereSq, Sy, ands,, are the elements of the order matrix consistent between the two domains in preparation 1xthe

m(;ts pgnc'ltr;]al aX|>s systim. When the or(fjer pgr?mleterz ar€axis must be rotated by nearly 9dn preparation 2, the
ordered wi |S‘,Z| ISyl = 1Sl 7 ranges from U1o 1 and, principal frame deviations are smaller but still significant.
thus, parametrizes the asymmetry, that is, the departure from A . .
. - . The data shown in Figure 3 for any single preparation
axial symmetry § = 0). For domain B, the calculated values . R . : S
could, in principle, be consistent, with the possibility that

of  are broadly distributed al_)ouytz 0.58, indicative of_a the B and C domains are rigidly related to each other but
moderate departure from axial symmetry. For domain C, i 4 different orientation than that observed in the WGA
however, the calculategl values cluster about = 1.0, the oy strycture. The correct solution orientation could be
most nonaxially symmetric situation possible. This explains recovered by simply reorienting the two domains such that
the labeling ambiguity for domain C in Figures 3 and 4. In the principal axis frames of the two domains coincide. The
the case ofy = 1.0, the most positive and most negative resylting structure would be, to a certain extent, putative or
order parameters are nearly equal in absolute value. As thegrbitrary, since the translational position of the two domains
space of possible order matrixes is mapped out, the largesfs undefined. However, with appropriate translations, such
absolute value order parameter is sometimes the negativea structure can be made consistent with all observed short-
parameter and sometimes the positive parameter leading taange structural reporters, such as NOEs awouplings,

an ambiguity in assignment &, andS. and would be consistent with the observed residual dipolar
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Ficure 4: Histograms showing the calculated order parameters for
domains B and C of BLBC in bicelle preparation 1, panels A and

B, and preparation 2, panels C and D. All panels utilize the same
horizontal scale to facilitate comparison. Herein, and throughout,
order parameters are labeled according to the conveifiign>

ISyl > |1S«l. This leads to the labeling ambiguity in panels B and

D as discussed in the text and also as seen in Figure 3.

couplings. This is demonstrated for BLBC in preparation 1
in Figure 5.

This possibility is also supported by the similar ranges of
coupling constants observed for domains B and C in

Fischer et al.

Domain B Domain C

£

Ficure 5: The two domains of BLBC. Superimposed on domains
B and C are coordinate frames representing the order tensor
principal axis systems (PAS) as determined separately for each
domain via SVD (the lengths of the axes are arbitrary). Panel A
shows BLBC with the domain orientation observed in the X-ray
structure of the homologous protein WGA. Clearly, the order tensor
principal axis frames differ approximately by a®a@tation about

the PASy-axis. Panel B shows one possible structure of BLBC,
obtained by reorienting domain C with respect to domain B, for
which the order tensor frames do coincide.

preparation 1 (Figure 1A). If, in fact, the B and C domains
were fixed with respect to each other, and one had sufficient
couplings to adequately sample all orientations, one would
expect to see identical ranges of observed couplings for the
two domains. The similarity of ranges observed is also
guantitatively reflected in the similarity of principal order
parameters plotted in parts A and B of Figure 4. However,
there are actually small differences in order parameters for
preparation 1, and any apparent support for a simple
structural explanation of differences between parts A and B
and parts C and D of Figure 3 is completely undermined by
the clear magnitude differences between the B-domain and
C-domain dipolar couplings in preparation 2, Figure 1B.
These more significant differences suggest that the two
domains may be dynamically independent and that they may
experience different ordering forces as manifested in the
differences in the calculated order matrixes.
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This dynamic conclusion is further supported by the allowing for differences in proteinbicelle interactions.
calculated order parameters shown in Figure 4. In parts C Furthermore, the two domains are asymmetric in that they
and D of Figure 4, showing the results for preparation 2, are linked head-to-tail: domain B is attached via its
the order parameterSy, Sy, S) are shown to be-£0.000 09, C-terminus to domain C whereas domain C is linked via its
—0.000 98, 0.001 07) for domain B versus (0.000 01, 0.000 35, N-terminus. If, for example, the site of proteitipid
—0.000 36) for domain C. This indicates that domain B interaction were at the N terminus, domain B would be able
experiences a significantly higher degree of alignment than to associate whereas domain C might not.
does domain C. To first approximation, the order parameters Could such a specific association of loosely tethered
are related by a scaling factor ef2.86. domains explain more quantitatively the observed order

It is important to note that the deviations in magnitudes parameters? As alluded to earlier, the calculated order
of order parameters between domain B and domain C cannotparameters for domains B and C in preparatior-2.00009,
be due simply to an overall increase in alignment resulting —0.00098, 0.00107) and (0.00001, 0.00035).00036),
from an increase in the cooperativity and homogeneity of respectively, are nearly related by a simple scaling factor
the bicelle medium since the dipolar couplings and order and exhibit similar order tensor orientations (Figure 3) except
parameters obtained for domain C are of comparable that labels for thezandyy parameters are interchanged. In
magnitudes in both preparations. Instead, a mechanismgeneral, such an interchange cannot be disregarded. However,
whereby domain B becomes more ordered than domain Cin cases such as this, withnear 1, it is not significant. It is
must be proposed. One such mechanism is transient bindingnerely a manifestation of the relabeling of axes that occurs
or association of domain B with the bicelle itself. atn = 1. It appears, then, that the relative motion of domains

As mentioned in the description of the bicelle sample B and C may be such that the order parameters of domain C
preparations, the bicelle was doped with a positively charged are simply scaled down relative to those of domain B. One
lipid, CTAB, to discourage association of the bicelles and possible motion that can produce this effect is wobbling
the positively charged BLBC. In fact, prior attempts to within a cone. In a previous work from this laB)( it was
prepare BLBC samples in neutral bicelles failed due to shown that such a motion produces a uniform scaling of all
aggregation and precipitation of a lipighrotein aggregate.  order parameters by an amount
The concentration of CTAB was higher (more positive 1
charge) in preparation 1 than in preparation 2 (DMPC/CTAB Seone= > COSY¢one (1 + COSYond (11)
= 19:1 and 34:1, respectively). Thus, BLBC would be more
likely to associate with the bicelles in preparation 2 than Whereyconeis the half angle of the bounding cone. Thus, to
those in preparation 1. Examination of the domain B dipolar obtain the relative scaling of order parameters observed for
couplings and order parameters for preparations 1 and 2domains C and B by cone motion alone, domain C must
suggests that at least domain B may weakly associate withundergo motion within a cone of half angte60® relative
the bicelles. When the CTAB concentration was lowered in to domain B. Given the length of the unstructured linker
preparation 2, the association appears to become stronger€gion connecting domains B and C up to 18 residues, simple
increasing the magnitudes of the observed couplings and themodeling indicates that this degree of relative motion is
calculated order parameters, and slightly altering the principal Plausible.
axes system orientation. This can be seen most clearly in One concern that remains is the high asymmetry in the
Figure 1 where the pattern of observed domain B dipolar determined order tensor (i.ez,near 1). One might, at first,
couplings is qualitatively the same in preparations 1 and 2, €xpect that if domain B were associating with the bicelle
differing in magnitude by a scaling factor. Similarly, the surface, its order matrix would be axially symmetric as is
magnitudes of the calculated order parameters (Figure 4) aréhe bicelle itself. This would indeed be the case if domain B
approximately related by a scaling factor, reflecting the Were bound only to the faces of the bicelle disks with a single
increase in order upon association with the highly ordered binding geometry. However, calculations indicate that if one
bicelle. BLBC molecule binds through a specific site to the edge of

The observed dip0|ar Coup"ngs and calculated order the bicelle disk for every two molecules bound through the
parameters also increase for domain C. This is to be expectedame site to the face, the resulting order tensor would be
since domains B and C are tethered and restriction of B characterized by = 1. Other ratios of binding to the face
should lead to some restriction of C. However, it appears Versus edge can produce any valuespffrom 0 to 1.
that domain C may not associate so strongly with the well- Similarly, if BLBC were specifically, but loosely, associated
ordered bicelle since the magnitude change is much smallerand spent part of the time ordered by direct connection to
(~30—40% increase in order). Unlike for domain B, the the bicelle and part of the time ordered by other forces in a
pattern of domain C couplings (Figure 1) is changed Vvery different direction, such as steric and electrostatic
completely, indicating a change in the nature of the reori- alignment, the resultant order matrix could assume asym-
entational dynamics. The dramatic change could result if in metry parameters other thgn= 0. Clearly, while the exact
preparation 1 each domain was |arge|y ordered by indepen_nature of the proposed association of domain B with the
dent interaction with the medium, while in preparation 2, bicelle cannot be known, the nonaxially symmetric nature
domain B became so well-ordered that the tethering beganof the domain B order tensor need not rule out the possibility
to dominate overall order of domain C. of such an association.

A domain specific association, such as that proposed, is
possible despite the high level of structural homology CONCLUSIONS
between domains B and C. It should be noted that the amino  Thus, we conclude that anisotropic spin interactions, such
acid sequences of domains B and C are not identical, as dipolar couplings, are a rich source of information,
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particularly for determining long-range order in those cases
where short-range structural reporters, such as NOE and
torsion angle information do not suffice. In addition, analysis
of dipolar couplings through the order matrix approach, as
implemented, for example, in the program ORDERTEN_S-
VD, reveals dynamic as well as structural information.
Application of these methods to the two domain protein

BLBC clearly demonstrates the utility of this approach.

While it was expected that BLBC might retain the
interdomain orientation observed in the WGA crystal struc-
ture, observation of residual dipolar couplings in BLBC
aligned in two different dilute bicelle solutions shows that
it definitely does not. Moreover, the studies provide informa-
tion on both the domain orientation and the relative domain
motion. The two domains of BLBC are clearly not rigidly

6.

Fischer et al.

Losonczi, J. A., Andrec, M., Fischer, M. W. F., and Prestegard,
J. H. (1999)J. Magn. Resonin Press.

7. Tolman, J. R., Flanagan, J. M., Kennedy, M. A., and

8.
9.

10.
11
12.
13.
14.

15.
16.

oriented with respect to each other and even the average 17.

orientations differ from those seen in the WGA X-ray
structure. Comparison of the data from the two different
bicelle preparations also indicates that a change in the bicelle
conditions can result in large changes in the alignment forces.

18.

19.

In particular, the selective increase in ordering of domain B »q.

relative to domain C seen in preparation 2 allows one to

infer interaction of BLBC with the bicelle itself.
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