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Abstract: The structure determination of membrane proteins is one of the most challenging applications
of solution NMR spectroscopy. The paucity of distance information available from the highly deuterated
proteins employed requires new approaches in structure determination. Here we demonstrate that significant
improvement in the structure accuracy of the membrane protein OmpA can be achieved by refinement
with residual dipolar couplings (RDCs). The application of charged polyacrylamide gels allowed us to obtain
two alignments and accurately measure numerous heteronuclear dipolar couplings. Furthermore, we have
demonstrated that using a large set of RDCs in the refinement can yield a structure with 1 A rms deviation
to the backbone of the high-resolution crystal structure. Our simulations with various data sets indicate
that dipolar couplings will be critical for obtaining accurate structures of membrane proteins.

Introduction

The paucity of distance information available from the highly

Structure determination of integral membrane proteins is deuterated proteins gseq for these studie_s calls for new strategies
becoming one of the most exciting applications of solution NMR  for structure determination. One attractive approach to obtain
spectroscopy. Recent methodological developments are gradugritical Iong-.range d|§tance information is the .appllcatlon of
ally overcoming significant challenges associated with the study Paramagnetic relaxation enhancement (PREaTh'S approach
of this important class of proteins, and the number of successful auires the presence of paramagnetic centers that can be
structure determinations is growing. NMR can now be routinely introduced by several methods such as engineering of metal

used to characterize smalthelical proteins consisting of oh&
or two a-helices®# Application of TROSY-based experiments

binding site4® and site-directed spin-labelidg*This has been
very successfully applied for refinement of the OmpA strucfure

with uniformly deuterated proteins has extended the size limit @1d in the case of the recent structure determination of the

for studies of membrane proteiletergent complexes beyond

putative membrane protein Mistié.

100 kDa and made possible the resonance assignment of several Another very powerful approach for structure determination

large helical integral membrane protefifs.Current NMR

of membrane proteins involves application of residual dipolar

methodology has been used to define the backbone folds of¢euplings (RDCs). RDCs contain information about the orienta-

several moderately sized integral membrane profeiHs.
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successful media suitable for alignment of proteietergent
complexes is strained polyacrylamide g&fs?2 Unlike globular

code 1QJP) using the program Pa&$hese initial values of the mag-
nitudes and rhombicities of alignment tensors were further optimized

proteins, accurate measurement of RDCs for integral membrandn CNS by performing a grid search. These values could easily have

proteins is quite difficulf® and so far only a few examples
have been reported. To date, structure refinement using RDC
has been demonstrated for the single transmemuxamaical
proteins Vpd and Pfl coat proteif,to MerF with two
transmembrane helicdgnd pentameric phospholamb&n.

One of the first structures of an integral membrane protein

determined by solution NMR spectroscopy was the transmem-

brane domain of OmpA Because of challenges in collecting a
significant number of structural restraints, we could only
determine the global fold of OmpA. Recently, we developed a

S

been calculated from the powder pattern distribution of the dipolar coup-
lings as well. Finally, we obtaineD, = 14.2 Hz,R = 0.07, andD, =
—11.0 Hz,R = 0.4 for the 56-M and 50-S data sets, respectively.
Calculation of OmpA structures was carried out using CN&everal
different approaches were used depending on the selection of experi-
mental data (see the Results and Discussion). In all cases, the same
simulated annealing protocol was used: 15 ps of torsion angle dynamics
at 10000 K was followed by a 100 ps first cooling stage using torsion
angle dynamics and a 400 ps second stage of Cartesian dynamics. The
force constants for dipolar couplings were adjusted to reflect experi-
mental error. Initial values of 0.001 kcal/(mol Blavere ramped to

series of charged copolymer gels suitable for achieving weak 0-5: 0-2, 0.2 keal/(mol Hj for “Dun, 'Deca, and ‘Due couplings,

alignment of soluble and integral membrane protéfng*

Application of these gels allowed us to accurately measure

RDCs for 19 kDa OmpA in DPC micelles, one of the largest
membrane protein systems examined so*¥alle have mea-

sured extensive sets of heteronuclear dipolar couplings for

OmpA aligned in two types of polyacrylamide gels. Application
of RDCs in combination with previously collected structural
restraints allowed us to significantly improve the accuracy of

respectively. Distances and dihedral angles were restrained with a force

constant of 75 kcal/(mol A and 400 kcal/(mol rad), respectively. At

a final stage the structures were minimized with 10 cycles of conjugate

gradient minimization. A total of 140 structures were calculated, and

the 10 lowest energy conformers were selected for further analysis.
To compare alignments between thet®® and 50-S media, we

calculated the Euler angleg, (@, andy) relating the orientation of the

molecular frame to the alignment frame. Valuegpf, andy obtained

for the final set of OmpA structures are 92450.2°, —12.4+ 0.1°,

the OmpA structure. In addition, we have evaluated the impact and —3.4 & 6.4° for the 50+M data set and 89.5% 0.2, —22.0+
of various types of structural restraints on structure accuracy 0-3’, 76.6+ 1.1° for the 50-S data set.
and discuss general strategies toward structure dEterm'nat'orhesults and Discussion

of membrane proteins.

Experimental Section

NMR Experiments. Uniformly 2H,3C®N-labeled OmpA was
prepared as described previouslgamples containing 1 mM protein
solutions in 600 mM DPC, 10 mM potassium phosphate buffer, pH
6.3, and 50 mM NaCl were used for all NMR experiments. NMR

Measurement of Dipolar Couplings. Measurement of
residual dipolar couplings for membrane proteins requires an
inert medium that does not interfere with the proteitetergent
complex. The recent introduction of polyacrylamide-based
gelg%-22 provides just such a medium. Recently, we developed
a series of charged polyacrylamide gels that are useful for such

spectra were collected on a cold-probe-equipped Varian Inova 600 MHz measurements. These have been employed to measure dipolar

spectrometer at 50C. For measurements of one-borduf, *Jece,
LIne) and two-bond{June) couplings a series of TROSY-based HNCO
experiments were usé8l. NMR spectra were then processed in
NMRPip€e® and analyzed in Sparky (T. D. Goddard and J. M. Kneller,
University of California, San Francisco). Quality facto®)) have been
calculated from the formul® = rmsD¥¢ — D°P9/rms(D°b).2
Measurement and Accuracy of Dipolar Couplings. Residual

couplings for OmpA in a weakly aligned st&feTesting of
various gels allowed us to identify positively (6®) and
negatively (56-S) charged copolymers that generate unique
alignments for OmpA.

The critical step in achieving high-quality measurement of
dipolar couplings was optimization of the degree of sample

dipolar couplings were calculated as the difference between anisotropicalignment. Vertical compression of the gel in the NMR tube

and isotropic one-bond couplings{ D). Anisotropic couplings were
measured for OmpA weakly aligned in two types of polyacrylamide
copolymer gels: positively charged (b®) and negatively charged
(50—-S)22 On the basis of duplicate experiments, we estimated the
experimental uncertainties 8Dy, Dcco, and'Dye couplings to be
1.5, 0.9, and 0.35 Hz, respectively. Sirf@nc were measured with
lower accuracy due to broadening of the proton line width, they were
not employed in structure calculations.

Structure Calculations. Alignment tensor parameters were obtained
from fitting of experimentalDyy values to the crystal structure (PDB
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had to be adjusted to yield the best compromise between the
degree of alignment and signal broadening. We found that a
degree of alignment yielding maxim#Dyy couplings between
20 and 25 Hz is optimal for accurate measurement of backbone
heteronuclear dipolar couplings. For final data collection, we
prepared two samples containindH[*3C 1>N]JOmpA in DPC
micelles soaked in 3.3% 5M and 4.1% 56-S gels, yielding
experimentalDyy couplings in the range-16 to+25 Hz for
50+M and —20.5 to+15.7 Hz for 56-S.

Four types of heteronuclear dipolar couplings have been
measured using TROSY-based HNCO experiméritsiree sets
of data,'Dun, Dcca, andDnc, could be measured with the
high accuracy necessary for structure refinement. In addition,
we also obtainedDynce couplings albeit with lower accuracy
due to signal broadening in the proton dimension. Although
these data were not utilized in the structure calculations, we
used them for validation. To check whether the two different
gel conditions yielded independent alignments, we calculated
correlation coefficients between the same types of couplings.

(28) Zweckstetter, M.; Bax, AJ. Am. Chem. So200Q 122, 3791-3792.
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Table 1. Structural Statistics for the Final OmpA Structure Structure of Periplasmic Turns. The structure of OmpA
no. of restraints rms dev solved previously using a standard approach without dipolar
distance restraints (A) 90 0.0880.001 couplings had a relatively well constraingebarrel core; how-
hydrogen bond restraiftéA) 68 0.009+ 0.001 ever, the periplasmic turns were poorly defifddeasurements
g{lg%dzal E)mglefs(deg) 142 0.06%0.035 of 15N relaxation times indicate that the residues within the
Z . . s .
50-S Ly 74 1394 0.019 penpla;mmﬁ-turns exhlblt_structur_al_order similar to that of
50-S e 72 0.30+ 0.009 the residues of the barrel its@f This is further supported by
50-S cca 73 0.83+0.003 the nonaveraged values of the RDCs observed. Therefore, we
1 . L
ggim leN ;‘11 éggi 8-8?2 employed a large number of RDCs measured for residues within
504M 132,; 70 0.84+ 0.001 '.[he thrge pgriplasmic turns. Their use in the refi.nement resulted
covalent geometry in a significant structure improvement, and in most of the
Eong |en9|th5(g\) ) 06020525&00682002 calculated conformers we were able to reproduce the conforma-
ona angles (deg . . . . .
impropers (deg) 0.166 0.006 tion of the turns seen_ln the crystal structure (Figure 2).
structure ensemiflg¢A) The most substantial effect was observed for the second
backbone 0.480.08 periplasmic turn encompassing residues-88. An almost
heavy atoms 1.86:0.18

complete set of dipolar couplings has been measured for this
a2 Rms deviations for the 10 lowest energy conform@Bwo restraints fragm_ent_. Asa Conseq_uence' a”_ 10 CaIC_UIated structures exhibit
for each hydrogen bond. Hydrogen bonds were only introduced at sites very similar conformations consistent with the type | turn seen
where the pattern of interstrand NHNH NOEs was consistent with the in the crystal structure (Figure 2B). For the two other turns, we
presence of a hydrogen borfdNumber ofy and¢ dihedral angle restraints S ; . ’
derived from chemical shifts using TALO®. d Rms deviations calculated &S0 observed significant improvement; however, there are two
for residues 515, 35-55, 77-100, 122-142, and 162 170. sets of conformations that are consistent with either type | or

. ) - . typellturns (Figure 2A,C). In the case of the first turn (residues
We obtained an average correlation coefficient of 0.8, indicating 45-49), 7 out of 10 conformers show the conformation seen

these two alignments are not completely unique but do differ j, the crystal structure. Similarly, for the third tumn (residues
significantly. 130-136) 6 out of 10 conformers are consistent with the crystal
Previous studies have shown that thearrel core of OmpA  structure. The presence of two conformations results from an
is relatively rigid while the extracellular loops are highly flex-  insufficient number of dipolar couplings due to the presence of
ible 29 For analysis of dipolar couplings, we have selected the a proline residue in the+ 1 turn position (Pro47 and Pro133).
well-structured residues5l5, 35-55, 77100, 122-142, and The lack of an amide proton limits the number of observable
162—-170 encompassing most of tfiebarrel and including the ~ RDCs and as a consequence the definition of the turn conforma-
periplasmic turns. Fitting of RDCs within this fragment to the tion. On the basis of these results we expect that a large number
high-resolution crystal structure of OmpA (PDB code 1QJP) of RDCs can be sufficient to define the conformation of short
yields good agreement, witQ factor$’ of 27.2% and 26.1%  loops in membrane proteins even in the absence of additional
for 50+M and 50-S alignment media, respectively (see also restraints.
Table 2). Conformational Heterogeneity. Detailed analysis of OmpA
Refinement of the OmpA Structure with RDCs. A low- NMR spectra indicates that in addition to the dominant set of
resolution structure of OmpA has been obtained previously on signals numerous amides display additional weaker pe#ks.
the basis of application of distance restraints, hydrogen bonds, The origin of this heterogeneity is not known. To probe whether
and chemical-shift-based backbone dihedral anglesimprove this effect results from local conformational heterogeneity, we
the accuracy of the structure, we used an extensive set of dipolameasured RDCs for both the major and minor species. Although
couplings collected from two alignments. We carried out a new such measurements have been significantly complicated by
set of calculations in CNS using a total of 434 RDCs and Weaker intensities and overlap with major peaks, we could deter-
previously collected NOE-based distances, hydrogen bonds, andnine dipolar couplings for several amides with clearly isolated
dihedral angles (Table 1). Addition of dipolar couplings in the chemical shifts. Interestingly, for several residues we could
simulated annealing calculations did not result in violations of clearly identify substantial differences in the magnitude of the
the other restraints and resulted in substantial improvement of@nisotropic couplings (Figure 3). Similar results have been
coordinate precision (Table 1). Since the accuracy of dipolar obtained for protein aligned in both gels (data not shown). This
couplings measured for OmpA is somewhat lower than that observation provides direct evidence that the multiplicity of
typically obtained for globular proteins, we paid particular NMR signals results from conformational heterogeneity (Figure
attention to not overrestrain the RDCs. Thus, force constants3)-
have been adjusted to produce rms deviations for dipolar ~Because of the complexity of the spectra, we could measure
couplings that are consistent with experimental error. dipolar couplings only for the strongest set of peaks. Calculation
The set of 10 lowest energy structures is shown in Figure 1 _Of Q factors an_d further _interpretation O_f dipolar CO‘%F’”"QS
and compared to the high-resolution crystal structure. The pre-ndicates that this predominant conformation of OmpA in DPC
cision of OmpA coordinates is high, and rms deviations cal- micelles is very similar to the cqnformatlon seen in the cry_sta_l
culated for backbone and heavy atoms within this structured structure. However, a substantial number of residues exist in
Tragmem are 0.4& 0.09_and 1.86& O'J_'8 '8_\’ resDe_Ctlvely' Mor_e (29) Tamm, L. K.; Abildgaard, F.; Arora, A.; Blad, H.; Bushweller, J.FHEBS
importantly, we also noticed that application of dipolar couplings Lett. 2003 555 139-143.
significantly improved the backbone accuracy from 1.66 to 1.02 (39) Cornilescu, G.; Delaglio, F.; Bax, A. Biomol. NMR1999 13, 289-302.

(31) Ferdadez, C.; Hilty, C.; Bonjour, S.; Adeishvili, K.; Pervushin, K.;
A (see below). Withrich, K. FEBS Lett.2001, 504, 173-178.
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Figure 1. Stereofigure showing comparison of the 10 lowest energy conformers of OmpA (green and gray) and the high-resolution crystal structure (red).
The structured fragment of OmpA including residuesl5, 35-55, 77-100, 122-142, and 162170 is shown in green.

Figure 3. Conformational heterogeneity revealed by comparison of
anisotropic couplings measured for OmpA in at3d gel: (A) spectral

) ) ' ) _ ) region of'H—1N TROSY—-HSQC showing the major and two minor peaks
Figure 2. Comparison of structures of the three periplasmic turns in the for Tyr129; (B, C) comparison of anisotropidy couplings for three peaks
refined structure of OmpA and the high-resolution crystal structure (red). of Tyr129; (D, E) comparison ofJec, couplings for the major (D) and
The two conformations observed for turns 1 and 3 (A and C, respectively) minor (E) peaks for Met53; (F, G) comparisonidfc couplings for Met53.
are shown in blue and green.
Table 2. Comparison of Q Factors?” (%) for OmpA Calculated

up to two additional conformations that exchange with the major Using Different Sets of Restraints

conformation very slowly on the chemical shift time scale. 50+M and
Unfortunately, we were not able to collect a more complete 1QJP*  noRDCs® 50+M° 50-S¢ 50-Se
data set for minor species to provide a detailed structural 50+M Dy 27.2 64712 14.0+0.32 35.7£0.79 18.1+0.63
explanation of this effect. 50+M Dyne 449 60.5£3.6 33.0+0.39 36.0£0.07 32.8+0.31
| t of Refi ¢ Using Dinolar Counli Dibol 50+M Dye 247 46.6+£0.7 157+ 0.25 25.4+0.17 18.9+ 0.80
mpact or kennement Using Lipolar Louplings. Dipolar 50+M Dec, 281 57.4£2.9 23.8+024 31.7+0.75 24.2+0.04

couplings have a significant effect on the accuracy of determined so-sip,, 26.1 53.4-3.5 32.7+224 11.8+0.71 13.6+0.17
structures:’32 however, they must be utilized carefully. It has 5(PSiDHNc 38.7 66.9+24 39.7+191 351+0.61 34.3£0.18

" 50-S1Dye 321 581434 34.7+3.62 20.8:026 23.2+0.79
bee_n demo_nstrated thgt the_addmon pf one set_ of randomly 50-SiDee, 321 648L21 306L031 2651042 20.4% 011
assigned dipolar couplings in the refinement did not cause (g gey 166+ 0.1 1114006 1.16+ 0.13 1.02+ 0.0Z

significant violations of distance restraints and marginally 2.96+ 0.14' 2.40+0.10' 2.44+ 0.12' 2.36+ 0.08'

changed the structuf@.Thus, to monitor whether we indeed = High i | (10IPS culated with
; ; igh-resolution crystal structure tructure calculated without

observe |mprovemelnt m the_StrUCture accuracy of OmpA, we use of dipolar couplings. Structure calculated using the-6® set of RDCs.
performed cross-validation with RDCs measured for the secondd structure calculated using the 58 set of RDCse Structure calculated
alignment. For this purpose, we also us@&}nc couplings, with both sets of RDCs (58M and 50-S).f Rms deviations calculated

- . between the 10 lowest energy conformers calculated using four different
which, due to onver accuracy, have been omitted from the strategies (see the text) and the crystal structure for residués,535-
structure calculations. 55, 77-100, 122-142, and 162170.9 Rms deviations for backbone atoms.

First we used RDCs to validate the crystal structure of OmpA. "Rms deviations for heavy atoms.
We obtained good agreement, with averd@efactors from
different data sets around 28% (Table 2). A higher value o

38—-45% was obtained fofDync, reflective of the lower

¢ precision of these measurements. This analysis reaffirms that
the high-resolution crystal structure of OmpA is consistent with
solution data, and as a consequence it can be used to evaluate

(32) Bax, A.; Grishaev, ACurr. Opin. Struct. Biol.2005 15, 563-570. the accuracy of the NMR structures. On the other hand, the
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Figure 4. Effect of the number of restraints on the precision and accuracy of the OmpA structure. Comparison of the high-resolution crystal structure of
OmpA (green) and 10 lowest energy structures calculated with different data sets. The structured part of the protein is shown in blue, and feniplasmic

are in red. Structures have been calculated using (A) distance restraints and dihedral angles, precisiom22 &2 accuracy 2.94 0.18 A, (B) distances,

dihedral angles, and RDCs, precision 0:8M.20 A, accuracy 1.92 0.15 A, (C) distance restraints, hydrogen bonds, and dihedral angles, precision 1.10
+0.15 A, accuracy 1.66- 0.11 A, and (D) distance restraints, hydrogen bonds, dihedral angles, and RDCs, precisir00088A, accuracy 1.02 0.02

A. Precision is calculated as the backbone rms deviation for backbone atoms among the 10 lowest energy structures, and accuracy is calculated as the rm
deviation between the 10 lowest energy structures and the crystal structure.

good agreement between experimental RDCs and the crystal One of the critical issues regarding structure determination
structure reflects the accuracy of the measured dipolar couplings.of membrane proteins is the limited number of structural

To test the impact of dipolar couplings, we carried out four restraints which can be collected. To evaluate the impact of
independent calculations. When RDCs were not used in the various types of restraints, we tested four strategies for structure
refinement, we obtained a structure with a 1.66 A backbone calculation. In the first approach, we used the data that are most
rms deviation to the crystal structure. Dipolar couplings poorly straightforward to obtain in the case/barrel proteins, namely,
correlate with this structure, anQ factors are around 58%  NOE-based backboréackbone distances and chemical-shift-
(Table 2). Although the transmembrane barrel is correctly derived backbone dihedral angles. These data result in a structure
folded, local backbone conformation is weakly restrained due with the correct fold, however with poor accuracy and precision
to the very limited number of restraints. In the next step, we (Figure 4A). In the next step, we used additional long-range
carried out two independent calculations separately using RDCsrestraints in the form of interstrand hydrogen bonds, and the
obtained for each of the two alignments. In both cases, we accuracy of the structure has been substantially improved from
observe a significant drop in the rms deviation to the crystal 2.94 to 1.66 A (Figure 4C). A comparable improvement was
structure from 1.66 to 1.11 and 1.16 A for thet3@ and 50-S also achieved when, instead of hydrogen bond restraints, we
data sets, respectively. The data set that has not been used insed dipolar couplings in addition to distance and dihedral angle
the calculations was employed for the purpose of cross- restraints (Figure 4B). We observed an improvement in accuracy
validation. In both cases we observed substantial improvement,from 2.94 to 1.92 A, and we also noticed substantial improve-
with Q factors decreased by #@20% (Table 2). NotablyQ ment of the backbone precision. The gain in the accuracy was
factors calculated usinftunc couplings also decreased by-22 slightly diminished by the fact that two conformations could
27% relative to those of the structure calculated without RDCs. be distinguished for several residues (Figure 4B). The most

The final structure calculations combined all data sets with substantial improvement was achieved by combination of all
RDCs for two alignments. We observed further improvement data sets (Figure 4D). Using all the data, we were able to obtain
of the backbone accuracy to 1.02 A relative to the crystal a very accurate and precise structure with backbone rms
structure. Final values d factors calculated for the solution — deviation to the high-resolution crystal structure of 1.02 A.
structure are somewhat better than those for the crystal structure. In summary, we emphasize the critical role of dipolar
A similar trend is observed for ti@une couplings that have  couplings in refinement of structures with sparse restraint data
not been used in the refinement. Although the accuracy of RDCssuch as integral membrane proteins. For the structured fragment
is not as high as in the case of globular proteins, we demonstrateof OmpA, we collected on average 1.4 distances (including
that this can be overcome by collection of a sufficiently large hydrogen bonds) and 1.6 backbone dihedral angles per residue.
number of dipolar couplings. Although these restraints are sufficient to generate the correct

Strategy for Structure Determination of Membrane Pro- fold, only the inclusion of RDCs yielded a structure with a
teins. Structure determination of moderately sized membrane distinct conformation for the periplasmic turns and a substan-
proteins by NMR spectroscopy currently constitutes a major tially improved -barrel. On the basis of our experience, we
challenge, and only a handful of structures have been solvedexpect that similar results can be achieveddfdrelical proteins,
so far’~1012 Nevertheless, there are several reports of new provided that an accurate set of RDCs can be measured. In
targets being investigatéd:*3The transmembrane domain from  general, application of RDCs will be critical to achieve structures
OmpA is one of the proteins whose structure has been of membrane proteins withil A accuracy.
simultaneously determined by NMR spectroscoppd high- Coordinates for the 10 lowest energy structures of OmpA
resolution X-ray crystallograph$f. Thus, OmpA represents an  have been deposited in the Protein Data Bank with accession
excellent system to test new approaches for NMR-basedcode 2GEA4.
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