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Dipole-dipole couplings between pairs of spin 3 nuclei, which
can be measured from NMR spectra in field-ordered media, offer
useful constraints on the orientation of various fragments in mo-
lecular systems. However, the orientation of fragments relative to
a molecule fixed reference frame is often key to complete structure
determination. Here, we demonstrate that the symmetry proper-
ties of molecular complexes can aid in the definition of a reference
frame. It is shown that a threefold rotational symmetry axis
dictates the direction and symmetry of the experimentally deter-
mined order tensor for a-methyl-mannose in fast exchange among
the three symmetry-related binding sites of mannose binding pro-
tein. This approach facilitates studies of the geometry of the ligand
in the protein-ligand complex and also may provide a novel route

limitation is that each determination may require measureme
of as many as five independent residual dipolar coupling
because an order tensor has five independent elements. NV
suring a large number of couplings can be a challenging ta
when some of the fragments are part of a large system whc
resonances cannot be readily assigned. Here, we illustrate h
symmetry properties of complex systems can define an app
priate reference frame obviating the need for an independe
order tensor determination of one or more of the componen
The particular system we choose for illustration involves th
interaction of a saccharide ligangsmethyl-mannose (AMM),
with mannose binding protein (MBP), a 53-kDa homotrimeri

to structure determination of a homomultimeric protein. © 2000
Academic Press
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protein having a threefold rotational symmetry axis and thre
sugar binding sites related by the same symmetry operation
depicted in Fig. 1. We have previously illustrated the gener
utility of dipolar coupling measurements in determining the
geometry of the bound ligand in this systed0). Here, we

show formally how the presence of the three symmetry-relate
binding sites in MBP has a unique consequence on the ¢

Long-range orientational constraints derived from measuri&rved order tensor for AMM bound to MBP, and how thi:
ments of residual dipolar couplings in partially aligned systenf@@ds to a determination of the AMM bound geometry withot
are increasingly being used in the structure determination {9 need for any dipolar coupling measurements on the prote

macromolecules 1-6). These can be included as an erroftself.
function in a simulated annealing approadh @r they can be
used to more directly determine the preferred orientation of
known molecular fragments that are part of a macromolecule
or a complex involving several molecule8).(In the latter
approach, the orientation and principal elements of an ordetWhile the effects of molecular symmetry on order tensor
tensor for each fragment are determin@jl Since for a rigid were recognized as early as the 1960s in the field of liqu
system, the orientation and principal elements of the ordeiystal NMR, their utility in structural studies of weakly
tensor must appear the same from the point of view of eaghigned macromolecules has not been fully exploit@dKiere,
fragment, a structure can be assembled by aligning framue formalize the effects of rotational symmetry on residus
(8, 9. This cannot be done without some ambiguity becausképolar couplings in terms of irreducible spherical tensors ar
inversion of frame axes does not affect predicted couplingdescribe how the threefold symmetry of MBP can be used
However, with minimal additional structural constraints, théefine an appropriate reference frame for determining tt
proper frame can be selected. A potentially more importaAMM-bound geometry. Irreducible spherical tensors have r
cently been used to describe alignment effects on residt

' To whom correspondence should be addressed at Complex Carbohydg‘igolar couplings and the reader is referred to this work fc

Research Center, 220 Riverbend Road, Athens, GA, 30602. Phone: (78iditional clarification Z).
542-6281. Fax: (706) 542-4412. E-mail: jpresteg@ccrc.uga.edu. The lab frame Hamiltonian for the dipolar interaction be

INTRODUCTION

THEORY

153 1090-7807/00 $35.00

Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.



154 AL-HASHIMI, BOLON, AND PRESTEGARD

MBP, this averaging will be described by a combination of th
overall reorientation of the MBP/AMM complex and exchang
OMe of AMM between the three symmetry related binding sites i

MBP (Fig. 1). In the case that the two averaging processes ¢
H not correlated, i.e., MBP’s alignment is not affected by AMM
g binding, the two averaging processes can be treated indep
N H dently. To make the effects of averaging clear, we transfor
Dj(lab) through two intermediate reference frames in whic
the effects of the overall motion of MBP and the averagin
OH among symmetry related sites are easily described. This p
OHH oH mits derivation of a closed form expression for residual dipole
couplings for AMM bound to MBP from which the effects of
symmetry on dipolar couplings and order tensors can be i
ferred.
Transformation between frames is easily accomplished U
ing 2nd rank Wigner rotation matrices, with elemebts,(«,
OH_q B,_y). The first transfo_rm_ation r_eIateISS(Iab) to elements
written in the MBP’s principal axis system (PAS) for molec-
ular ordering. This transformation is time dependent due |
Hs H, MBP’s molecular reorientation. The time dependence is re|
resented by Euler rotatior3(t) = «(t), B(t), y(t) that relate
an instantaneous orientation of MBP’s principal order frame 1
FIG. 1. Depiction of the geometrical arrangement of three AMM molethe magnetic field,
cules when bound to three binding sites in MBP related by threefold rotational

symmetry. The presence of axial symmetry leads to an axially symmetric
tensor with the direction of highest order pointing along the symmetry axis.

120°
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Di(lab, t) = X Di(mbp )D(Q(t).  [3]

k'=-2
tween two nuclei can be given by a scalar contraction of spin
and spatial tensor components The second transformation relates elements written in the pr
cipal ordering frame to elements written in MBP’s threefolc
symmetry frame where the symmetry axis is alongzfais.
This transformation is timendependenand is represented by
Euler rotations, ®):

wherek is a constant that depends on the interacting nuclei and

H
= Tios, [1]

T3 andD; are elements of the second rank tensor operators that 2
describe the spin and spatial parts of the interaction respec- D2(mbp t) = > D2(symmt)D2.(d). [4]
tively; nonsecular terms are not included in Eq. [1] since their m=—2

time dependence will render them ineffective in determining

the energies of the system. For systems in the high field limdinaly, we can relate elements written in MBP’s symmetn
the above equation can be used to give a simple expressiongfgme to elements written in the PAS of the dipolar interactio
the separation of pairs of lines in a multiplet produced bysing the Euler transformation denoted 19)( In the latter

dipolar couplings, case, only one elemer?(pas), is finite due to the properties

of the dipolar interaction2):
Dresi
o = Dilab). [2]

2
DZ(symmt D?(pas) D,(O(t
Here k' is a constant that has absorbed numerical factors (sy ) 2}2 (Pas Din(6(1))

coming from the spin operators as well as the previous constant
k and the designation “lab” denotes our choice of the magnetic
field direction as the axis in this frame. The above expression
is adequate for a static crystalline system but the presenceTbk final time dependence is now in the andbethat describe
molecular motion render®;(lab) a complex function of ori- motion among symmetry related sites in MBP in a frame i
entational averaging. For AMM bound to partially alignedvhich the symmetry axis is theaxis. Since we are interested

D§(pas DEn(O(1)). 5]
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in averaging the dipolar interaction, we can replace expliditote that the first term in Eq. [10] is a constant. It is a measu
time dependent terms with averages. Denoting averaging withAMM'’s order in the system as a result of a combination o
brackets, thg-fold rotational symmetry averaging of terms inMBP’s ordering tendency and its own averaging among syn

Eq. [5] is given by metry related states. The only dependence on the geometry
a spin—spin interaction vector in the molecular symmetry frar
1 om is in
(Dén(O()) == Dém(a+q, B, v) (6]
P p

3cogp—1
osap = (2
It can be shown that fop = 3, all Wigner matrix elements
vanish except foD§, (12). Furthermore, aB}, depends only The dependence is only g8y the angle relative to the axis
on the angles, (the symmetry axis), and not on rotation about thexis.
Hence the system from the point of view of AMM has axial

(DS& = DS&B) symmetry.

The above expression can be related to the more typic
expression for couplings in the presence of axial symmet

and
ordering using a principal order parameggy,

(D7(symm) = D§(pas) D5(B). [7]

Diesia 3cosh—1
kW 7= 2

Substituting{D 3(symn)) from Eq. [7] forDZ(symm t) in Eq.
[4], and substituting the resulting expression Bf(mbp, t) 3cosh’ —1\ 3 L ,
into Eq. [3] yields an expression f@Z(lab, t), S..= ) AA 2 + 4 dA(sin“6’cos ") 1,

[11]

2
D(lab, t) = > D2(pas) D2y(B) D2.(P)D2(Q(1)). where6’ and¢’ are spherical angles which define the positio
K=—2 of the MBP symmetry axis in MBP’s PAS. The above expres
[8] sion holds for molecules possessing a threefold or grea
symmetry axis, including MBP itself, regardless of the natur
Substitution into Eq. [1] leads to of the alignment force. We can therefore conclude that tt
experimentally determined order tensor for AMM bound t
) trimeric MBP will be axially symmetric and the principal axis
Dresid: S D2(pag D2,(B) D2.(D)(DZ(Q(1)), [9] will point along MBP’s three fold symmetry axis. This pro-
k’ otP 00 o Ko ' vides a reference frame that can be used to constrain the bot
geometry of AMM, without the need to independently deter

where the angle brackets again indicate the time average oVRpe an order tensor for MBP. This is valuable information fo
ructure determination.

MBP’s molecular reorientation. The averaged elements in
[9] can be related to the axial and rhombic components of
MBPs alignment tensor (A(2),

K=-2

RESULTS

It is possible to experimentally verify some aspects of thi

(D3(Q(1))) = AA predicated behavior by examining the symmetry properties

2 — /P2 _ the order tensor determined using residual dipolar couplir

(D1(Q(t) = (D=, = 0 measurements from AMM bound to trimeric MBP. In the
, ) 3 pyranose ring of AMM, there are five directly bonddd—"°C

(D2o(2(1)) = (D =50(2 (1)) = g oA pairs, two of which point in unique directions (C1-H1, C2-

H2), and three of which depart by small amounts from a thir

direction (C3-H3, C4-H4, C5-H5). While these interactiol

vectors can be confidently used to determine the three inc

and

Dresia 5 5 pendent elements of an axially symmetric tensor, a more ge
k' AADo(P) + 8 SALD oA P) eral order tensor determination requires that the small orien
tional differences between internuclear vectors C3—H3, C4

+ Dgz(‘b)]}D%o(B)- [10] H4, and C5-H5 bg knowr_1 to a high level of confiden_ce. Th
dependence on this requirement can be reduced by includi
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TABLE 1 proach (4). These determinations were repeated 10,0C
Residual Dipolar Coupling Measurements for Free times, sampling dipolar coupling values from a norms
and Bound AMM distribution about measured values using the estimated «

rors. A satisfactory description of the principal order tensc

Internuclear vectors . . .
elements is presented in Fig. 2.

in AMM Free AMM? AMM bound to MBP’ ’ )

A discussion of the symmetry property of the order tensc
C1-H1 (Hz) -35+0.7 —22.6+22 is most conveniently done in terms of an asymmetry parar
C2-H2 (H2) —73%07 —28.7%22 etern defined in terms of the principal elements of the orde
C3-H3 (Hz) 9.2£ 0.9 20 +£3.5 tensor as . — S,,)/S,., using the conventiolS,,| = |S,,|
C4-H4 (Hz) 12.1+ 0.7 23.9+29 = [S.]. In Fig. 2 h bl . ;
C5-H5 (H2) 78+ 05 305+ 3 = |S,|. In ig. 2, we show possible asymmetry paramete
C6-H6(S) (Hz) 3.0+ 0.9 25.9+ 6.1 values determined for AMM in the absence of MBP (ligh
C6-HB(R) (Hz) -5.0+0.9 -21.3+6.3 bars) and in the presence of MBP (dark bars). In the absen

o _ _ _ of MBP, the order tensor is moderately asymmetric with th
Residual dipolar couplings were calculated from the differences betweﬁrpost probable asymmetry parameigr,, = 0.54. No solu-

couplings measured at 25 and 39°C for AMM dissolved in a 5% bicelle. Tge btained wh . ither th t t f
program Xrambo was used in data analysis to extract coupling values gns were obtained when using either the gt or tg conio

associated errorsl7, 10. For the C6 data, only a single slice through themations for the hydroxymethyl group, consistent with th
center of the doublet was used to generate frequency domain data as inpupi@sence of a dominant gg conformation. However, mi»

Xrambo analysis. tures of the gt and gg conformation with ranges of popule

® Residual dipolar couplings were calculated using the residual dipolﬂbnS (0'6—3'6) do produce solutions. The departure frol
coupling data from AMM both in the presence and absence of MBP and usi ) ) )

i ] ] :
a binding constant to calculate the residual dipolar contributions from tlﬁferat_u_re \_/alu_es O_f gt.gg= 4:6 mlght be due to t_he Over'_
AMM bound state. Coupling values and associated errors were extracted ustiglplification in using a two state model to describe what i
the program Xrambol(7, 1Q. For the C6 data, only a single slice through themore likely a continuos distribution of conformations, ol

center of the doublet was used to generate frequency domain data as inputffigsre may be some small media dependent perturbations
Xrambo analysis. Residual dipolar couplings for AMM bound to MBP can be

extracted using the known binding constant for MBP and tt

measured couplings, in the presence and absence of MBP (
two additional independent measurements from the interrlihese derived values are also included in Table 1. The rest
clear vectors C6—-H6 and C6—Hi the hydroxymethyl group. ing asymmetry parameters for AMM bound to MBP, shown i
These measurements have their own complications becabige 2 as black bars, make it clear that the determined orc
these internuclear vectors can vary through rotations about teasor is nearly axially symmetric. The most probable asyr
C5-C6 linkage. However, reasonable models for these vanmaetry parametem,.. = 0.12 is near the theoretical value of
tions exist. The rotations generally sample three energeticalfy., = 0.0. While the asymmetry solutions for free and boun
favorable staggered conformations, denoted by “gg,” “gt,” andMM slightly overlap, the principal order parameter and ori
“tg” (13). Moreover, it is well documented, from interpretatiorentation of the determined order tensors (not shown here)
of high resolution NMR data using empirical Karplus equarery different, confirming a unique MBP effect on residua
tions, that the gg conformation is the dominant conformatiafipolar couplings measurements in AMM. Again, no solution
for AMM, with approximate populations given by (gg:gt:tgwere found when using either the gt or tg conformation for th
6:4:0) @3). This information can be used to include measurdéydroxymethyl group, suggesting that the gg conformatio
ments from the hydroxymethyl group in the order tensor deemains the dominant conformation in the AMM bound state
termination for AMM.

We have previously reported measurements of fhe™C DISCUSSION
residual dipolar couplings between internuclear vectors in the
pyranose ring of*°C-enriched AMM, dissolved in a dilute The determined order tensor for AMM bound to MBP is
bicelle medium both in the presence and absence of MBRearly as we anticipated from our analysis of averaging abo
Details of these experiments have previously been descritzethreefold symmetry axis; it is axially symmetric. The aver
(10) and residual dipolar coupling measurements and corgging also predicts that the determined direction of highe
sponding errors are summarized in Table 1. In addition, veeder will point along the symmetry axis of MBP. This align-
include measurements from the hydroxymethyl group (C6—Hent has been used to facilitate determination of the bindir
and C6-H6). geometry of AMM in MBP (0).

Using these residual dipolar couplings, assuming theThe symmetry effects described here for AMM bound t
dominant gg conformation for the hydroxymethyl groupMBP can also be used to great advantage in studying otf
geometry, and using coordinates from an AMBER miniprotein ligand interactions. Many proteins involved in cel
mized AMM structure, order tensor elements were detesurface recognition exist and function in homomultimeric
mined for AMM using a singular value decomposition apstates {5, 1§. The cooperative interactions of these mulltim-
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FIG. 2. Histogram plot of Determined Asymmetry parametgjisfor Free (open bars) and Bound (filled bars) AMM. Ten thousand sets of order ten:
elements were determined that reproduce residual dipolar coupling measurements within experimental certainty. The distribution of derigeg as
parameters are shown.
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