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In the work reported herein we define a structure validation cannot be ruled out, since there is evidence of the influence
factor that depends on protein backbone *N relaxation rates. This  g|ectrostatic interactions when using charged bicelle. (n
is an alternative method to the previously defined quality factors  he cases where dipolar couplings have been used for prot
derived from anisotropic chemical shifts or residual dipolar cou- structure refinement, NMR data suggest that structural moc
plings. We have used the structure dependence of N relaxation fications due to the ioresence of the liquid crystal, if any, ar

rates of anisotropically tumbling proteins to calculate this struc- inimal ). Evid for this is the ab f signifi
ture diagnosis factor and have used it to demonstrate the improve- minimal (2). Evidence for this is the absence of significan:

ment of protein structures refined with residual dipolar couplings. ~chemical shift changes in the presence of liquid crystals, e
Key Words: NMR; **N relaxation; protein structure; dipolar ~cluding those contributions from the chemical shift anisotropy
couplings; liquid crystal. Despite this, it is still reasonable to question whether th
interactions between the aligned molecules and the liquid cry
tal media can perturb the structure. These possible structu
INTRODUCTION changes may modify the value of the residual dipolar couplin

i ) . or chemical shift anisotropy with respect to the ones that woul

The residual dipolar coupling has proven to be a NMBg opserved if those interactions were nonexistent. A structu

(NOE) in the three-dimensional structure determination Qe in the presence of the liquid crystals seems in this ser
biopolymers {—4). The “long-range” nature of the Strucwra'advantageous

information it provides makes it considerably valuable in the Recently, it has been demonstrated that the combined use

structure calculation of multidomain proteins for which SParS@olar couplings and®N relaxation rates allows the identif

interdomain NOEs are observef)(Among other Impprtant_ cation of protein backbone conformational excharid®.(This

MHas been possible due to the related structure dependence
N T,/T, ratios and dipolar couplings in proteins that tumble
anisotropically, as well as to the similar orientations of the
from chemical shift anisotropy7] or from residual dipolar alignmentl apd the rotational diffusion tgnsors in neutral bi

celles. This is an example thaN T,/T, ratios can be used as

couplings €). structural probes. Therefore, it is expected that the higher tl

In order to observe elth(_er of these two paramete_rs I ISu lity of a structure is, the better the predictéN T,/T,
necessary to have a certain degree of molecular alignm I . .

o . . ratjos will fit the experimental ones. In a recently determine
under the magnetic field. This has been successfully achieve

using liquid crystals formed by bicelle®)( bacteriophages protein structure a better correlation between the calculated a

(9,10, or purple membranesi{) as the orienting medium. the measure_dSN T./T, ratios for the prot_ein refined with
Although the mechanism of molecular alignment in the “qui8|polar coupltmgs ?astbeen obﬁfrvéad02|§ IS atreslultt ?jf :heth
crystal solutions is still under debate, it has been proposed tH E)roviam_etr.l n fs,trzucdgfrfe qual y,da:;: 'I.IS no rteta € OTh(
in the case of micelles and neutral bicelles, the alignment for_% aracteristics ot the ditiusion an € "?"9””‘9” ensors.
can be of steric origin 12, 13. Other types of mechanism is, the two tensors do not need to be similar. On the contrar
T for the identification of residues undergoing conformationa
' To whom correspondence should be addressed at Building 3, Room 4?§,Change’ both t_ens_ors must have close orientations. .
NHLBI, NIH, Bethesda, MD 20892-0380. Fax: (301) 402-3405. E-mail: A structure validation factor that depends only on relaxatio
nico@helix.nih.gov. data measured in the absence of orienting media would allc
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proves the quality of the determined structu® 6). The
calculation of the recently defineg factor is a simple way to
test this improvement7( 8). The Q factors are derived either
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FIG. 1. Amide NH dipolar couplings of GAIP observed in the presence of bicelles (A) and bacteriophages (B) versus b&bkef& ratios. Data for
residues identified as undergoing conformational exchange are not included. Bicelles were prepared using a DMPC:DHPC molar ratio of 3:1 (&AIP) a
(KH3) present in 3.2% (w/v) and protein concentration of 0.7 mM (GAIP) and 0.6 mM (KH3). The fd bacteriophages liquid crystals were prepared bydhe r
of Hansenet al. (10). The concentration of bacteriophages and protein waS mg/ml and 0.7 mM, respectively. NH dipolar couplings were measured ar
calculated using the procedure applied by Ottigeal. (26). *N longitudinal and transverse relaxation rates were measured in the absence of liquid crys
using previously described metho®d( 27 with pulse field gradients to suppress the water sighglvalues instead of , values were measured using’al
spin-lock field strength of 2.5 KHz. These values were corrected for resonance offset using the equation byd)d4@). Residues with heteronuclear NOEs
lower than 0.65 and residues identified as undergoing conformational exchange are not included in the calc@egjeriToe orientation and magnitude of
the rotational diffusion tensor components are searched by optimizing the agreement between the measured and theTgAlgulatied through Powell
minimization @1).

us in principle to identify structure perturbations caused by theiteria to identify conformational exchang20j. In the work
alignment medium, provided that this factor is calculated formesented here we have used this method according to |
structure determined with and without dipolar coupling inforequations reported in Barbatt al. (20), together with the
mation. This factor will as well indicate whether there is angnethod that takes advantage of the correlation betwedn
improvement in the quality of the determined structure whenTt,/T, ratios and dipolar couplings of NH bond vectodb)
has been refined with residual dipolar coupling data. Accordirfgde infra). Large-amplitude internal motions can easily be
to these ideas we define a new structure diagnosis factor tisgntified by low "N—"H NOEs (e.g.,<0.65). In order to
depends on"N T,/T, ratios (measured in the absence oproperly predict thé’N T,/T, ratios it is necessary to know the
orienting media) which is described as orientation of the diffusion tensor. This will be the orientatior
that minimizes the difference between the measured and t

Qrelax = {2[(T1/T2)m - (Tl/TZ)c] 2} Y2 calculatedT,/T, ratios Ql)

{2(TdTY) = (T/THIHYE [1] RESULTS
Where m and ¢ denote measured and calculated values, respe?¥e have calculated th® ., factors for two protein struc
tively, and the tern(T,/T,) refers to the average of thetures that have been refined with and without dipolar coupling
measured values. of NH, C.H,, C,C’, and CN bond vectors. These proteins are
The same criteria used to calculate the overall correlatitimee G, interacting protein (GAIP) 42) and the C-terminal
time of the molecule from®N relaxation rates apply whendomain of hnRNP K (KH3) ). Two orienting media (bicelles
calculating Q... That is, *°N relaxation rates influenced byand bacteriophages) have been used to obtain dipolar coupli
conformational exchange or by the presence of large-amplitudigta for GAIP. The orientation of the alignment is different ir
internal motions should be excluded from the data set. Memach medium and two alignment tensors were used for stri
surements of transverse relaxation rates at different magnetice calculation purposes. Only the dipolar couplings obtaine
fields (16), dipolar and chemical shift anisotropy interferencen the presence of bicelles have a strong correlation with tt
(17), ROESYT,, measurements of amide protons in perded ,/T, ratios (Fig. 1A), indicating that in this medium the
terated proteinsi@), and off-resonance rotating frame relaxalignment and the diffusion tensors have similar orientatior
ation rates 19) provide information on exchange processes dii5). The angle between the principal axis of the diffusior
the microsecond to millisecond time scale. Another methaensor and the alignment tensor in the presence of bicelles
uses theT, and T, deviations from the average values a8.7 degrees. This correlation allows the identification of res
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dues that are subjects to conformational exchange. Residaesrage deviation of the angles that the NH bond vectors for
that deviate more than two times the standard deviation of thugth the Z axis of the diffusion tensor, with respect to the
plot represented in Fig. 1A are considered involved in confolheoretical values obtained using Eq. [2] for an axially sym
mational exchange. The same result is obtained with theetric rotor @8):

method of Barbatet al. (20) using one standard deviation as

the cutoff. This indicates the reliability of both methods. The T T, ~ T T,(0) X [(1 + €sin®0)] Y, [2]
similarity between the two tensors is also reflected in the

correlation factor of Fig. 1A, which is 0.83. In contrast, thguhereT,/T, (0) is the ratio in the case of isotropic diffusion,
correlation factor of the plot represented in Fig. 1B (dipolay = (Dy/D, — 1), andd is the angle between the unique axis
couplings obtained in the presence of bacteriophages) is 0.58the diffusion tensor and the NH bond vector.

Both correlation factors have been calculated excluding resi-The average angle deviation for the crystal structure c
dues identified as undergoing conformational exchange. Thgﬁzyme | Quix = 0.84) is 15.6°, for the solution structure
the orientation of the alignment and the diffusion tensofy) .., = 0.92) itis 16.0°, and for the structure refined witN
differs under the presence of bacteriophages. This has a cleasxation data®,.. = 0.32) it is 8.8°.

effect in the combined use df,/T, ratios and dipolar cou  Any expression that depends on the measured relaxati
plings to detect conformational exchange, but has no influenggta is influenced by the distribution of NH bond vector ori-
in the assessment of structure quality improvemer®hy, for  entation. This is the case of the denominator part of@he,
structures refined with dipolar couplings, since this factor factor. A simple way to avoid biases due to a nonuniform Nt
independent of the relative orientation of both tensors. In th@nd vector distribution is to numerically simulate the com
cases where dipolar couplings are obtained in the presenceeke distribution ofT,/T, ratios @9) or to use Eq. [2] along
orienting media that have other than steric-type interactiopgth the fitted diffusion tensor to calculate the total spread c
with the protein, the method that correlates dipolar couplingige tensor. On the contrary, the presence of nonuniformity |
andT,/T, ratios cannot be employed to detect conformationgie orientation of NH bond vectors is irrelevant when compat

exchange. Alternative methods described earlier can be use¢thid Q... values calculated for the same protein at differen
place of the correlation method. Nevertheless, the comparisges of the refinement process.

between th&) .., factor calculated for the structure determined

with and without dipolar couplings will still indicate whether DISCUSSION
the incorporation of dipolar data is improving the quality of the
structure. Qrex IS @nalogous to the previously defin€dfactors that
The Q...x Values for the mentioned proteins are are derived from dipolar coupling and chemical shift anisot
ropy. However, there are some aspects that differentiate the
Q.eil GAIP without dipolar couplings= 0.70 The main difference is thaQ,... is calculated using data
obtained in the absence of orienting media, while the other
Qreinl GAIP with dipolar coupling$= 0.45 factors need data obtained in the presence of liquid crysta
Q. KH3 without dipolar couplings= 0.62 Another difference concerns the errors in relaxation rate me
surements which are larger, relativeltdT, value ranges, than
Qrell KH3 with dipolar coupling$ = 0.45. typical errors in dipolar coupling. These errors influence th

accuracy with which the tensor is determined and, as me
According to the value of the fact@,..,, the quality of both tioned above, the appropriate determination of the diffusio
structures improves when these have been refined with dipdiamsor orientation is necessary for the calculationTefT,
coupling information. As an additional example we have calatios. In addition, a nonuniform distribution of N-H bond
culated this factor for the solution and crystal structure of theectors will also affect tensor determination. In this case th
N-terminal domain of the protein Enzyme | Bscherichia coli use of *°C relaxation data fromx and carbonyl carbons will

(23, 24. homogenize the distribution of the data, therefore helping i
the determination of the diffusion tens@0j. A similar idea
Q... Enzyme 1, solution structute= 0.92 has been previously applied to better define the alignme
tensor orientation, using dipolar coupling information derivec
Qreil Enzyme |, crystal structuie= 0.84 from different bond vectors3(q).

The principal utility of Q .., iS @s a structure diagnosis tool

When the solution structure of the N-terminal domain of this check structure quality improvement upon the addition c
protein Enzyme | is refined usingN relaxation derived re different parameters in structure refineme@t..., is particu

straints 25), the Q.. drops to 0.32, as expected. larly useful to confirm the absence of structural changes in t

To provide a clearer idea of the significance of g, presence of orienting media, since it does not depend on a
value in terms of structure quality, we have calculated thparameter measured in them. Additionaly,,., may as well
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indicate the presence of motions between protein domains thatresidual dipolar couplings of macromolecules aligned in the
might not be easily detected by relaxation data. In this case, if Neématic phase of a colloidal suspension of rod-shaped viruses,
the protein has been refined with dipolar couplings assumingﬁa J- Am. Chem. Soc. 120’”10571;10572 (1;3_98)' e f
unique alignment tensor, a large deviation between the calcg- M: R Hansen, L. Mueller, and A. Pardi, Tunable alignment o

- . macromolecules by filamentous phage yields dipolar coupling in-
lated and the measurdd/T, ratios is expected. teractions, Nat. Struct. Biol. 5, 1065-1074 (1998).

11. J. Sass, F. Cordier, A. Hoffmann, M. Rogowski, A. Cousin, J. G.
CONCLUSION Omichinski, H. Lowen, and S. Grzesiek, Purple membrane induced
alignment of biological macromolecules in the magnetic field,
The structural information inherent ttN relaxation rates of J. Am. Chem. Soc. 121, 2047-2055 (1999).
proteins with anisotropic rotational diffusion has allowed us t. J. H. Prestegard, V. W. Miner, and P. M. Tyrell, Deuterium NMR as
propose an alternative factor for protein structure validation @ structural probe for micelle-associated carbohydrates: p-Man-
(Quew)- It is important to note that the relaxation rates of other N0se: Proc. Natl. Acad. Sci. USA 80, 7192-7196 (1983).
heteronuclei can be used analogously. We have demonstragd® Bax and N. Tjandra, High-resolution heteronuclear NMR of
that Q,..., Serves to check structure quality improvement upon human ubiquitin in an aqueous liquid crystalline medium, J. Biomol.
X S . X : | NMR 10, 289-292 (1997).
the_ addition of residual . Q|polar COUpImgS in the structur&. B. E. Ramirez and A. Bax, Modulation of the alignment tensor of
refinement process. AdditionallR.... can be used to detect macromolecules dissolved in a dilute liquid crystalline medium,
structural changes in the presence of orienting media. The J. Am. Chem. Soc. 120, 9106-9107 (1998).
combined use ofl coupling values or chemical shifts, bothis. E. de Alba, J. L. Baber, and N. Tjandra, The use of residual dipolar
providing local structure validation, together wifh,., Which couplings in concert with backbone relaxation rates to identify
accounts for global structure quality, will offer a comprehen- conformational exchange by NMR, J. Am. Chem. Soc. 121, 4282~

sive tool to check the quality of structures determined bf’ 4283 (1999).
NMR 6. I. Q. H. Phan, J. Boyd, and |. D. Campbell, Dynamic studies of a
' fibronectin type | module pair at three frequencies: Anisotropic

modelling and direct determination of conformational exchange,
ACKNOWLEDGMENT J. Biomol. NMR 8, 369-378 (1996).
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