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A Dipolar Coupling Based Strategy for Simultaneous Resonance
Assignment and Structure Determination of Protein Backbones

Fang Tian, Homayoun Valafar, and James H. Prestegard*

Contribution from the Southeast Collaboratory for Structural Genomicsyétsity of Georgia,
Athens, Georgia 30602-4712

Receied July 24, 2001

Abstract: A new approach for simultaneous protein backbone resonance assignment and structure determination
by NMR is introduced. This approach relies on recent advances in high-resolution NMR spectroscopy that
allow observation of anisotropic interactions, such as dipolar couplings, from proteins partially aligned in
field ordered media. Residual dipolar couplings are used for both geometric information and a filter in the
assembly of residues in a sequential manner. Experimental data were collected in less than one week on a
small redox protein, rubredoxin, that w& enriched but not enriched above 1% natural abundané&Cin

Given the acceleration possible with parttdC enrichment, the protocol described should provide a very
rapid route to protein structure determination. This is critical for the structural genomics initiative where protein
expression and structural determination in a high-throughput manner will be needed.

Introduction as the development of a fold library and prediction of function,

it may not be necessary to experimentally place side chains in
structures; backbone structures may be adequégide chain
resonances are also the most difficult to assign, and a significant
amount of time is required for data collection on their behalf.
Backbone assignments are, on the other hand, efficient and even
subject to automation whe#’C, 15N labeled proteins are
availablel®-12 Thus, consideration of determining protein
'backbone structures directly seems justified.

NOE data are unfortunately sparse when restricted to
ackbone atoms. Hence, it is important to consider alternate
sources of information such as the orientational information that
comes from residual dipolar interactiol¥s1 Unlike constraints
derived from NOE data, constraints derived from residual dipolar

Various genome sequencing projects are producing large
amounts of information about genes and gene products. Of the
genes sequenced, many will code for proteins of unknown
structure and function. It is believed that the elucidation of
structure in these cases will provide a stepping stone to the
necessary functional characterizatiof.However, determina-
tion of structure for proteins on a genomic scale demands rapid
high-throughput, analysis. X-ray crystallographers are in a good
position to meet this demand, but NMR spectroscopists are farb
less prepared; protein structure determination by conventional
NMR methods often takes months. A major portion of the time
devoted to NMR-based analysis involves resonance assignment

the.flrsét In a two-step process'that leads to structure dete”‘.‘" coupling data do not require close proximity of the atoms; rather
nation® Here, a new approach is described that can save major

; - . than constraining distances of separation, the relative orientation
amounts of time, by merging assignment and structure deter-

N ; . dpf various bond vectors, or molecular fragments, is constrained.
mination steps and by focusing on backbone structures instea

. . . ~~ In partially ordered systems, residual dipolar couplings are
of structures that include both backbone and side chain atomlcgiven by eq 1, where; are the gyromagnetic ratios of nuclei

positions.
It is not assignment, per se, that slows the NMR structure 1\ yiv:h
determination process, but the fact that assignment has to be DreS= — 7o) i S, cosfy,) cos() 1)
nearly complete. Assignment of both backbone and side chain ! A7t 952 3 ; ! !
i

resonances is a prerequisite for protein structure determination
by traditional NOE-based metho€iJhis is because sequential
connectivity is done through the backbone, but the majority o
structure-rich, long-range, NOEs come from side chaide

chain contacts. For many structural genomics applications, such (7) Skolnick, J.; Fetrow, J. S am'>000Q 18, 34—39.
(8) Fetrow, J. S.; Skolnick, el 1998 281, 949-968.
*To whom correspondence should be addressed: (phone) (706)542- (9) Holm, L.; Sander, Cahiaimiigl 1993 233 123-138.

f i andj, rj is the internuclear distance between these nuclei, cos-
(ak)) are direction cosines describing the orientation of the

6281; (e-mail) jpresteg@ccrc.uga.edu. (10) Zimmerman, D. E.; Kulikowski, C. A.; Huang, Y. P.; Feng, W. Q.;
(1) sali, A.; Kuriyan, J c1999 24, M20—M24. Tashiro, M.; Shimotakahara, S.; Chien, C. Y.; Powers, R.; Montelione, G.
@ o, 1. vizogeen: * DI 2000 72 T w1997 263, 557610

289-295. (11) Gronwald, W.; Willard, L.; Jellard, T.; Boyko, R. E.; Rajarathnam,

(3) Burley, S. K.; Almo, S. C.; Bonanno, J. B.; Capel, M.; Chance, M. K.; Wishart, D. S.; Sonnichsen, F. D.; Sykes, B.jniiiftaibidir 1998 12,
R.; Gaasterland, T.; Lin, D. W.; Sali, A.; Studier, F. W.; Swaminathan, S. 395-405.

11999 23, 151-157. (12) Bartels, C.; Guntert, P.; Billeter, M.; Wuthrich, jinisiniea™.
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95, 15189-15193. 11210-11211.
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internuclear vector relative to the principal axis system of an Experimental Section
order tensor, and thg are elements of this order tensor. Clearly Materials. Rubredoxin was expressed wHiN labeling and purified
expressions such as this can be inverted to give constraints Orys described previoustj A sample with bacteriophage as an alignment
the orientation of internuclear vectors. There are many recentmedium was prepared to be 4.5 mM rubredoxin in 50 mM sodium
examples of using residual dipolar coupling as a source of phosphate and 100 mM NaCl at pH 6.3 with enough phage to give a
information for the determination of protein structdre?? 14 Hz splitting of the?H NMR signal from 10%?H.0 in the sample.

So far all applications of residual dipolar couplings rely on A sample with bigel_les as an alignment medium was prepared to be
prior assignment of the resonances from which anisotropic 2:> ™M rubredooxm in 50 mM sodium phosphate and 50 mM NaCl at
interactions are measured. But this may not be essential.PH 63 The 7% (weight/volume) DMPC/DHPC at a 3:1 molar ratio

L . oped with CTAB (4% relative to DMPC) gave a 12 Hz splitting of
Structure determination can be placed ahead of assignment anl&ezH NMR signal from 10%H,0 in the sample.

orient_ational_ constr_ain_ts can be_ us_e(_zl ata later point to res_,olve Spectroscopy Spectra were acquired on Varian Inova 500 and 800
chemical shift ambiguities that inhibit prior resonance assign- mHz spectrometers using gradient triple resonance probes (Varian Inc,
ment. An example of something similar comes from solid-state palo Alto, CA). For the collection of residual dipolar coupling data a
NMR where dipolar coupling and chemical shift anisotropy phase-modulated HSQC experimé&ha soft HNCA-E. COSY experi-
patterns have been used to directly assess structefre. ment?® and a 2D IP-HSQC experiméftwere selected. Both the
Given the possibility of abandoning prior assignment, a original HNCA-E. COSY pulse sequence and the IP-HSQC pulse
reevaluation of the need for isotope enrichment is also in order, Séduence were modified for acquiring dipolar couplings from natural
Most protocols for backbone resonance assignment require high?Pundance C protein samples (the pulse sequences are provided in

. . o . S the Supporting Information). Since there are’®—C couplings in
1
levels of5C enrichment in addition té°N enrichment. This is these samples, selective excitation and decoupling of carbon resonances

prlmarlly ne_eded for eXpe”_r_nems thgt mclg’é@—m(_) tran_s_fers_ are no longer needed. Also, a filter to select oy magnetization

to side chain atoms to facilitate amino acid type identification, \ith an adjacent3c’ was added to the original 2D IP-HSQC sequence.
HNCACB and CACB(CO)NH experiments, for example. These  since most splittings of resonances in the spectra acquired are the
are in fact low sensitivity, time-consuming, experiments com- sum of scalar and residual dipolar coupling, the samples were run under
pared to those that do not involMéC—13C transferg® 13C both isotropic and partially oriented conditions, and differences in
uniform labeling at high levels is also expensive, particularly splittings were used to extract residual dipolar contributions. A duplicate
for proteins that do not express well in bacterial culture. Thus, sample without phage was used as an isotropic reference. Data collection

release from a requirement of prior assignment may allow for the HNCA experiments typically included 12 t1 points, 64 t2 points,
savings in both time and resources and 1024 t3 points over a period of 30 h with a repetition rate of 1 s.

h K h inol i . Data collection for the HSQC experiments included 96 t1 points and
The work presented here uses dipolar couplings to define 1024 t2 points ove2 h with a 1 srepetition rate. Data collection for

structural features of fragments ahead of resonance assignmentge |p-HsQC experiments included 320 t1 points and 1024 t2 points
and then uses the same couplings directly in combination with over 10 h wih a 1 srepetition rate. All data processing, including
backbone chemical shifts to connect these fragments in aextraction of frequency differences for coupling constant measurements,
sequence-specific way. Since structural constraints in additionwas done with the FELIX98 package (Accelrys, San Diego, CA).

to chemical shift make the connection, the process is robust, Data Analysis. Analysis of residual dipolar couplings was carried
and reliance on identification of amino acid type for placement Out by using a combination of previously described or distributed
in the protein sequence is reduced. The procedure is illustrategseftware (Orderten_SV& and BACKCALC_RDC, available from our
with an application to structure determination of a well- website, http://tesla.ccrc.uga.edu) and software written explicitly for

characterized, highly soluble, small protein, the Zn-substituted this application. The additional software is in the form of Perl scripts
. ’ ’ ’ e » and C programs. Searches for allowed geometries and allowed residue
triple mutant (W3Y, 123V, and L32I) rubredoxin fromyro- prog wea 9 : W au

. connectivities were carried out on a Silicon Graphics O2 workstation.
cocccus furiousThere are several crystal structures of closely Computation time was highly dependent on levels of ambiguity in the
related forms for structural comparison and validation of the data, but it took approximately 2 min per residue for the extension of
method proposed heféThe protein is small enough (54 amino  starting fragments.

acids) and soluble enough (4.5 mM) to explore the potential of

simultaneous backbone structure determination and resonancéresults

assignment with a high level ofN enrichment, but*C at Data Acquired. Obtaining sufficient dipolar couplings for
natural abundance. simultaneous structure determination and assignment could be
(16) Al-Hashimi, H. M.; Valafar, H.; Terrell, M.; Zartler, E. R.; Eidsness, a Chiigenge., eSpeCIa”.y when dealmg with prOtel.r!s.labeIEd with
M. K.; Prestegard, J. Himinamaaagn2000 143 402-406. _onIy N. With recent improvements in the sensitivity (_)f_ NMR
(17) Prestegard, J. H.; Al-Hashimi, H. M.; Tolman, J@.Re. Biophys instruments, however, it is feasible to do the most sensitive triple
2000 in press. resonance experiments such as HNCO and HNCASron!
(18) Delaglio, F.; Kontaxis, G.; Bax, Al 2000 122, | .p ith . y .
21422143, abeled proteins withC at natural abundance. Losses in moving
(19) Meiler, J.; Peti, W.; Griesinger, Gailinuaaimiiidi> 000 17, 283 these experiments from a 90% labeled sample to a natural
294. _ _ abundance sample are not as great as the factor of 90 that one
lzgzg)lgggfec' M.; Du, P. C.; Levy, R. Mimimmilissmmmip 001, 123 might anticipate. When HNCA type experiments are run on a
(21) Hus, J. C.; Marion, D.; Blackledge, i @001 natural abundancEC sample, the magnetization of an amide
123 1541-1542. proton is transferred to either inter or intr& €pins, but not
(22) Fowler, C. A.; Tian, F.; Al-Hashimi, H. M.; Prestegard, J. H.
ial. 2000 304, 447—-460. (27) Tian, F.; Fowler, C. A.; Zartler, E. R.; Jenney, F. A.; Adams, M.
(23) Wang, J.; Denny, J.; Tian, C.; Kim, S.; Mo, Y.; Kovacs, F.; Song, W.; Prestegard, J. Hiaitiftabiidiz 2000 18 23—31.
Z.; Nishimura, K.; Gan, Z.; Fu, R.; Quine, J. R.; Cross, T. AMagg (28) Tolman, J. R.; Prestegard, J. jisinssmiiaae1 996 112, 245
Reson200Q 144, 162-167. 252.
(24) Marassi, F. M.; Opella, S. 200Q 144, 150-155. (29) Weisemann, R.; Ruterjans, H.; Schwalbe, H.; Schleucher, J.; Bermel,
(25) Sattler, M.; Schleucher, J.; Griesinger n. W.; Griesinger, CjinaasimiiliR1 994 4, 231—240.
Shachgsc1999 34, 93—-158. (30) Wang, Y. X.; Marquardt, J. L.; Wingfield, P.; Stahl, S. J.; Huang,
(26) Bau, R.; Rees, D. C.; Kurtz, D. M.; Scott, R. A.;; Huang, H. S.; S.; Torchia, D.; Bax, Ao 3998 120 7385-7386.
Adams, M. W. W.; Eidsness, M. il 1998 3, 484 (31) Losonczi, J. A.; Andrec, M.; Fischer, M. W. F.; Prestegard, J.H.

493. MaGEmBase 1999 138 334-342.
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Figure 1. Soft HNCA-E. COSY spectra of rubredoxin under (a) isotropic and (b) phage aligned conditions® Ehergical shiftsC* to C* ;
connectivities, and three-bond'H* scalar coupling constants can be obtained from spectrum (a), ank®Cipolar couplings and both inter- and
intraresidue MH® dipolar couplings can be obtained from differences between the measured couplings in these two spectra.

both, while on'3C uniformly labeled samples, the magnetization determination of the orientation of a peptide segment indepen-
of an amide proton is split between inter and intr& €pins, dent of other information (there are five independent order tensor
reducing transfer to any one connectivity by an average factor elements in eq 1). This simplistic view fails in our case because
of 2. In addition, there are carbemarbon couplings and the peptide segments include variable torsion angles; relative
additional spin relaxation pathways in 90%C samples that  to the amide peptide plane containing the-N; vector, two of
result in further losses. As a result, the sensitivity loss for an the couplings, the intraresidue*€H* coupling and the intra-
HNCA experiment on moving from 90% to 1% natural residue HH* coupling, depend og and a third, the interresidue
abundancé?®C sample is less than a factor of 40. We would HNH® coupling, depends on both-; andg;—;. Even with scalar
also like to acquire several pieces of dipolar data in a single couplings to restricg values, this leaves us with marginal data.
experiment to reduce the data acquisition time. The soft HNCA- This problem can be resolved by dividing the structure deter-
E. COSY experimed? was chosen for collecting experimental mination process into two steps, using data from two or more
data because it has many of the features we desire. Likewiseconnected residues as a starting point and then extending the
the IP-HNCO experiment provides multiple couplings and starting point one residue at a time after some global parameters
allows compensation for reduced levels'é€ labeling. are determined. Connecting two sequential residues provides
Figure 1 shows two spectra from soft HNCA-E. COSY six additional couplings while contributing only two more
experiments oi°N-labeled rubredoxin. The spectrum on the variables ¢;—1, ¢i—1). Once started, the order parameters are
left was acquired under isotropic conditions, and the spectrum defined and each successive addition involves identifying only
on the right was acquired under aligned conditions using a phagethe two variablesg and ¢. It is of course better if several
medium. The information that can be extracted from these two segments of more than two residues can be connected as a

spectra includes €chemical shiftsC” to C* ; connectivities, starting point.

three-bond WH® scalar coupling constants,*€H* dipolar A good way to connect two residues and their associated
coupling constants, and both inter- and intraresidléHH dipolar information is to look for coincidence of an interresidue
dipolar coupling constants. C* chemical shift of the first residue with an intraresidue¢ C

Two-bond!3C'—1H and one-bond3C'—15N dipolar coupling chemical shift as seen from another residue. Normally chemical
constants were measured from the same natural abunéhce shift identities are not adequate to uniquely connect very many
protein samples by using the modified 2D IP-HSQC experiment residues because of chemical shift degeneracies, but we need
described in the Experimental Section. The one-b¥hd-1H only a few starting points. In rubredoxin one fragment of 5
couplings were measured by an intensity-based, phase-residues could be connected together fi@frto C* ; chemical
modulated 2D HSQC experimefit.The measured dipolar  shift information alone. This fragment corresponds to residues
couplings are listed and an example of data from the IP-HSQC 2—6 in the sequence. For the convenience of description we
experiment is given in the Supporting Information. There are a use residue numbers to label this fragment, but we do not need
few residues in the rubredoxin sequence, including the last three,to map the connected residues to the primary sequence at this
which show significant chemical shift changes in the bicelle point.
aligned medium. Their couplings were excluded from the  About 40 dipolar couplings were measured for residues in
following analysis. In all, about 400 dipolar couplings, 37 three- this first peptide fragment. The backbone structure of this
bond H'H® scalar couplings, and 44°@hemical shifts were  fragment was constructed from the best fit to these measure-

used in the analysis. ments by using &2 function defined as follows!
Structures of Starting Points. The dipolar couplings men- exp cak\2

tioned above can be assembled into groups, connected to a single 2 (Ol I)

amide N-H pair. Potentially, there will be six dipolar couplings x = Z o

(CH—H%, Ni—HN;, HN—H%, HN—H%_4, Ci—1—HN, Ni—C") |
associated with each residue, for each alignment medium usedHere D{*® and D{* are the calculated and measured dipolar
In principle five dipolar couplings should be adequate for the couplings respectively and is an estimate of erroDical was
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Figure 2. Solutions forg andg with * below 20% of the maximum:  Figure 3. lllustration of the restrictions on allowed orientations for a
(a) residue 2 and (b) residue 3. The stars indicate values taken fromsequential residue in a dipeptide fragment. Starting from the known
the X-ray structure (1BRF). orientation of peptide plane 1, possible orientations of plane 2 can be

) ) ) ) calculated as a function @f andg. Red dots on the sphere represent
calculated by using eq 1 while assuming a standard peptide plangne allowed orientations of the normal to peptide plane  astates
geometry. Fow;, 5% of the largest dipolar coupling measured from —20 to 20 and ¢ rotates from—180 to 180. The orientations
from each aligned medium is added to the experimental sampled by plane 2 are very limited.
uncertainly to account for variability in peptide plane geometry.

The S;, S andSy of eq 1 written in the principal axis frame  be 22, 92°, and 125 (plus three degenerate sets). These, along
were initially determined from distributions of the dipolar with the principal order parameters, can be used as globally
couplings®? The %2 function was then minimized for three fixed parameters in all subsequent fragment constructions and
residues at a time by searching the two pairs of torsion anglesfragment extensions. While the longest cluster was used to
(¢,¢) defining the local structure, and the two sets of Euler establish global parameters, there will usually be several clusters
angles ¢,3,y) defining the orientations of the principal axes of two or more residues that can be connected based{th
for the order tensors in two media. Solutions fpand ¢ of and D chemical shift information; these can also be used as
this fragment from initial searches are plotted in Figure 2. All starting points. For rubredoxin, there were 11 such starting
solutions with g¢* less than 20% of the maximum are shown. points. For fragments with more than one structural solution,
The stars indicate whergandg values from the X-ray structure  the angles with the minimurg? of each fragment were saved
lie. While a single cluster of solutions is found for residue 2, znd each was used as a potential starting point. Usually, only a
two clusters of solutions were found for residue 3. Note that correct solution will allow extension and connection with other
the two solutions are related by a F8®@tation aboutp. This fragments.
is an example of the 4-fold orientational degeneracy normally  Extension of Starting Fragments. The utility of dipolar
associated with structures from residual dipolar coupling data. coupling based structural information in selecting appropriate
While the data from the second alignment medium reduces theesidues for extension of fragments is illustrated in Figure 3.
degeneracy, the extent to which this occurs depends on thegeginning with the orientation of a single fragment, which can
particular orientations of dipolar vectors, the relative orientations pe as small as a peptide plane (plane 1), the possible orientations
of principal axis systems, and the experimental errors. Distancethat a sequential peptide plane (plane 2) can adopt are restricted
constraints from NOEs, if available, can be very useful in further o those accessible by rotations abguand ¢. If the rotation
reducing such degeneracies, but here the correct solution wasghoute can be constrained t:20° by using the relationship
selected based on its lowgt value. All five residues were then  of measuredJ—HNH® scalar couplings to the torsion angle,
combined, and allp and ¢ angles, and Euler angles, were the allowed orientations are further restricted. The red portion
adjusted to minimize thg? between all measured and calculated  of the sphere in Figure 3 represents allowed orientations of the
dipolar couplings. The magnitudes of order parameters were normal to peptide plane 2 as a functiongofind ¢ rotations.
not refined in the present case due to the high accuracy of thegpviously, the orientations sampled by plane 2 are very limited.
initial estimates. From the order parameters for a starting fragment (plane 1)
From the structure of the starting fragment, the relative gnd each allowed orientation of plane 2 (a certaimand ¢
orientations of order frames in phage and bicelle can be defined.combination), one can use eq 1 to calculate the corresponding
The Euler rotations relating the alignment tensor for rubredoxin gets of dipolar couplings for a connected residue. These values
in bicelles to that for rubredoxin in phage were determined t0 can be screened against experimental sets. Normally several

(32) Clore, C. M.; Gronenborn, A. M.; Bax, /iassmaess1998 acceptable sets are found. Other experimental criteria, such as
133 216-221. coincidence of chemical shifts for carbons as measured from
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7,9, and 42). Comparing the calculated dipolar couplings with

. Generate couplings Screen against couplings |
Elndtoitéertenéotr — +| fornextpeptide |~ | of resonances whose C% measurements for these groups, connection to one group, that
startin; 017y . . : . . . . . .
orsarmhep plane over 0,  grid chemical shift matches with a C” chemical shift of 59.10, is not orientationally

allowed. Although the group with & chemical shift of 59.04
remains a possible choice for connection, a subsequent con-
nection cannot be found. Therefore, the group withCa

no chemical shift of 59.07 ppm is uniquely connected to the last
residue of fragment I. After two more residues are added to

yes T

Connections for the
next residue?,

N0 4——

this fragment, a unique chemical shift for a glycine residue
occurs and the fragment is mapped to sequence positiois 2

yes

. - - : . The connection between residue 8 of fragment 1 and residue
Figure 4. Flowchart |Ilus§ratlng a strategy for S|multan90u_s protein 14 of fragment IIl also cannot be made simply based on
backbone resonance assignment and structure determination. chemical shifts of @s. Two groups of data, which have very

i andi — 1 N—H amide pairs, can then be used to further reduce similar C}* and C* ; chemical shifts (45.92, 59.10 and 45.88,
the options for selection of a connected residue. Steric clash59.04 ppm) are potential candidates for this position. The choice
and an inability to find additional sequential matches can be here is made based on a combination of allowed dipolar
used to further reduce selections if necessary. As a bonus, thecouplings and the now restricted orientations of fragments | and

match may exist for only certain particulgrand ¢ combina- Ill. Once the choice is made the structure of, and the assignments
tions, fixing the structural relationship between two residues at for, the first 18 residues of rubredoxin are determined. The local
the same time. structure of the 218 fragment is shown in Figure 5a (light

As in the case of our starting fragments, there are some blue), which has root-mean-square deviation of 1.2 A for
additional ambiguities that are due to the fact that absolute backbone atoms with respect to the corresponding atoms in the
orientations of the fragments are 4-fold degenerate becausehigh-resolution X-ray structure (1BRF, white).
dipolar and other NMR data on anisotropic parameters are Assembly of FragmentsThe remaining groups of data could
insensitive to 180rotations about the principal axes of the order be assembled in a similar fashion into five separate fragments.
tensor. These ambiguities can be resolved in several ways suctgach fragment terminates with a connection ©"a chemical
as distance constraints from NOEs or relative orientations of shift that is unique and appears nowhere in the list efHN
bond vectors from cross-correlation effegtdut here heavy  connectedC® shifts. Examination of the rubredoxin sequence
reliance was placed on dipolar couplings from a second reyeals 5 prolines. Proline has a secondary amide nitrogen that
alignment mediunt® The general procedures used are sUM- e not provide M-C* connections. Hence each fragment
marized in the flowchart shown in Figure 4. must be separated by a proline. Based simply on this fact, and

A 17-residue stretch of rubredoxin, which turns out o be e |ength of the unassigned fragments, each fragment could
that from residue 2 to residue 18, can be used as an |Ilustrat|onbe inserted into the sequence. If torsion angles{ of proline
of structure determination by extension of starting fragments. gn its previous residue can be specified, a complete backbone
Two of the 11 possible starting points were used in the initial gcture can be determined. As in the case of connecting residue
construction of this stretch, fragment | and fragment Il (latter g ¢ resigue 10 above, a proper connection across proline should
we will see that fragment | corresponds to residuess znd maintain the local structures and orientations of the two
fragment 1ll corresponds to residues -14). Extension of  fragments it connects. Also proline adopts a very limited range
fragment Il in the amino terminus direction was first attempted. ¢  angles. Initially assuming all prolines to have a trans amide
The G, chemical shift of the first residue in fragment Ill  pond configuration, the torsion angls, was searched between
(60.45 ppm) matches within experimental errgi0(08 ppm) —40 and—80° and ¢ was searched from-180 to 180. The
the C!* chemical shifts in two unconnected groups of data, torsion angleg, of the previous residue is constrained by its
60.44 and 60.49 ppm (these will turn out to be data associatedown 33—HNH* scalar coupling as well asNH* intraresidue and
with residues 10 and 45p. and¢ angles which would connect  CeH« intraresidue dipolar couplings. In all cases, a single cluster
these residues to fragment Il were varied and dipolar couplings of solutions for these torsion angles was found. A complete
were calculated at each grid point. Comparing calculated structure of rubredoxin (residue-30) is shown in Figure 5b
couplings to experimental values, it is not possible to find a (light blue). With respect to the corresponding atoms in the high-
match with values in the second group. Therefore, a unique resolution X-ray structure (white) it has an root-mean-square
connection can be made to, and the related torsion angles (- deviation of 1.8 A over all backbone atoms of residue$a@.

@) can be defined for, the residue associated with the first group.

TheC" ; chemical shift for the residue associated with the first Discussion and Conclusion

group of couplings has_ an unL_JsuaI value_(45.88_pp_m). Thiscan e results presented above demonstrate that it is possible
only come fr(_)m a glycine _reS|dl_Je. Applylng a S|m|lar PrOCESS 4 determine an accurate backbone structure of a protein without
to extension in the C-terminal direction, connections to groups o necessity of prior resonance assignment. The method
of couplings representing three additional residues can be madeg 5 0veq to accomplish this task utilizes recent advances in
Here an addltlona_l glycine is _encountered. Two glycines high-resolution NMR spectroscopy that exploit measurement
separated by 7 residues are unique to the Osegment of " (aqiqual dipolar couplings in biomolecules weakly aligned
rubredoxm. Henqe, both the structure and the sequential by magnetic field oriented media. The dipolar couplings provide
assignment for this segment are determined. not only orientational constraints on the overall structure but a

For fragment I, theC;" chemical shift of last resonance, fijer for assembly of residues in a sequential manner. The
59.08 ppm matches t@", chemical shifts in three groups of  dipolar couplings are not sufficient in themselves for resonance
data, 59.07, 59.10, and 59.04 ppm (corresponding to residuesassignment, but when combined with limited information from

(33) Reff, B.; Hennig, M.; Griesinger, (Salagge1997, 276, 1230 chemical shifts and backbone scalar couplings, an assignment
1233. and structure emerge simultaneously.
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These advantages, as well as advantages associated with
improved relaxation properties, can be retained with-18%

13C enrichment. Between concatenation and partial enrichment,
data acquisition times on small soluble proteins will be reduced
to less than a day. This is critical for the structural genomics
initiative, where protein expression and structural determination
in a high-throughput manner will be needed. Beyond these
applications, the ability to determine structure independent of
complete residue assignment is also useful where segments of
proteins are of interest. For example, it is possible to look at
protein backbone structures near the active site in the presence
of various ligands without determining full structures.

The backbone structure determined above is of course not a
complete structure. It is nevertheless a high-resolution structure.
This may be important for computational approaches to the
addition of side chains. Several groups have now showed that
it is possible to computationally determine at least internal side
chain conformations if accurate backbone atom positions are
available34-36 |n addition, a well-defined backbone structure
can facilitate the assignment of NOESY spectra, which is a
prerequisite for the full structure determination by traditional
NOE-based methods.

The protein to which we have applied this simultaneous
structure determination and assignment approach is small. For
larger proteins, th&€” chemical shifts and orientations of the
peptide planes are likely to be more degenerate as a result of
the increased number of resonances. Also, precision of measure-
ment of small dipolar couplings will decrease. However, we
anticipate that these losses can be compensated by addition of
other experiments!>N edited NOESY, for example, can be
added to the list of experiments to provide additional information
at a modest cost in time. Although NOE experiments, in general,
are not considered to be especially sensitive, a focus on short-
and medium-range NOEs for backbone resonance assignments
will use NOEs that are among the most easily obtaiffed.
Furthermore, the sequential backbone NOEs provide additional
constraints on torsion angleg,(¢). The NOESY experiment
might also be concatenated with the experiments described
above to minimize acquisition time. Applications to test protein
size limits and improve the efficiency of the approach are in
progress.
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