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Abstract: In solution, the degree of molecular alignment with the static magnetic field is proportional to the product
of the anisotropy of the molecular magnetic susceptibility and the square of the magnetic field strength. As a result,
the observed chemical shifts vary with the strength of the magnetic field and depend on the orientation of the chemical
shift tensors relative to the molecule’s magnetic susceptibility tensor. For protein backbone@midelei in the
complex between the zinc-finger DNA-binding domain of GATA-1 and a 16-bp synthetic DNA fragment, the observed
field dependence of th®N shifts correlates well with the dipolar couplings previously reported for this complex.
This comparison indicates that, in the approximation of an axially symmniéhtishift tensor, the unique axis of the

15N CSA tensor makes an angle of #35° with the N—H bond vector, and has a magnitude of 1680 ppm.
Magnetic field dependerttN chemical shifts correlate well with the structure of the protddNA complex refined

with TH—15N and 13C*—1H* dipolar coupling constraints, but poorly with the original structure of this complex,
despite relatively small rms differences between the two ensembles of structures. Magnetic field dependent chemical
shifts therefore are potentially quite useful as constraints in macromolecular structure determination.

Introduction chemical shift arising from minute differences in sample
temperature during the different measurements.

In the solid state, magnetic-field-dependent chemical shifts
previously have been observeH. However, the physical basis
for this effect is entirely different and relates to the fact that at
low magnetic field the effective local field is not collinear with

In solution NMR, molecules with an anisotropic magnetic
susceptibility will align with the static magnetic field to an extent
that is proportional to the magnitude of the susceptibility
anisotropy and the square of the magnetic field strenggh,

As a result, dipolar couplings have a residual, non-zero value, ) C . :
and chemical shifts (in ppm) depend Bat—2 Typically these the applied magnetic field. Thus, this effect is somewhat

effects are very small, but nonetheless, measurements of residugn@/0gous to the origin of dynamic frequency shifemd bears
dipolar couplings recently have been reported for three different "0 relation toh_the cause of the magnetic field dependence
proteind~7 and for a double stranded DNA fragméntThe discussed in this paper. _ .
utility of these dipolar couplings for structure determination also ~ In solution, residual dipolar couplings and field-dependent
has been demonstratéd. chemical shifts are reporters of the relative orientation of the
Magnetic alignment also results in incomplete averaging of corresponding tensors relative to the molecule’s magnetic
the chemical shift anisotropy (CSA) component of the Hamil- Susceptibility tensor. In contrast to NOEs.beouplings, they
tonian. Although field dependence of chemical shifts therefore therefore yield constraints which are not strictly local in nature.
has been predicted to be observable in solikitmthe best of As dlpola_lr coupllngs_ and field-dependent chemical shifts defln_e
our knowledge all attempts to measure such effects have failed.the relative orientations of structural elements that are not in
The main difficulty is that these effects tend to be very small, immediate contact with one another, they are particularly

and that they are easily masked by much larger changes inPowerful complements to NOEs addcouplings. In the solid
phase, where NOEs addcouplings cannot be measured, it has

ftgggggry glf (B:%er;“ics‘?‘(':;rg’ﬁ::;:str been proposed that dipolar and CSA information alone may even
| | | . . .. . . .
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Figure 1. The orientation of the least shielded axis of #fid CSA
tensor,dy, (A) in the peptide plane and (B) in the protein’'s magnetic
susceptibility frame with respect to the-N bond vector.

The chemical shift tensor of peptideN nuclei is frequently
assumed to be axially symmetric, with its unique axis located
in the peptide plane and making a small angles 12—24°,
with the N-H bond vectot3~18 j.e. nearly orthogonal to the
peptide bond (Figure 1A). Correlation of theN—'H dipolar
couplings with the field dependence of tH& chemical shift
therefore provides information on both the magnitude of the
CSA and the anglg. Although these two parameters cannot
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DNA duplex, in 95% HO/5% DO (pH 6.6). The sample was purified
and prepared as described elsewh&reSpectra were recorded on
Bruker DMX spectrometers, equipped with triple resonance, three-axis
pulsed field gradient probeheads, operatingrhfrequencies of 750,
600, and 500 MHz. Spectra were processed with the NMRPipe
software packag@ and peak positions were determined by contour
averaging with the program PIPPas described previousf. Reso-
nance assignments were taken from ref 19. To obtain estimates for
the random error in each of the measurements, all spectra were recorded
at least twice.

[**N,*H] HSQC? spectra, including a WATERGATE element for
efficient water suppressidii,were used for the determination &N
and*HN chemical shifts. At 750 MHz, the NMR experiments were
recorded as 2D data matrices of 40Q*1024* complex points r*
denotesn complex points) with acquisition times of 178,(*°N) and
97.5 ms {p, H). At 600 MHz, data matrices were 320¢ 768*
complex points with acquisition times of 176,(°N) and 91.6 mstg,
1H), and at 500 MHz 256* 512* complex points with acquisition
times of 169 {, N) and 78.7 mstf, *H). The measuring times were
between 4.5 and 3.5 h per 2D spectrum. All acquired data were
apodized with a 5%shifted squared sine-bell in thig dimension,
truncated at 1% (sil75’) at the end of the FID, and with a %4
shifted sine-bell in thé& dimension, truncated at 16% (sin £).1 Data
were extensively zero filled prior to Fourier transformation to yield a
digital resolution of 0.55F;) and 1.3 Hz F;) at 750 MHz, 0.44 )
and 1.0 Hz ;) at 600 MHz, and 0.74F;) and 0.80 Hz F,) at 500
MHz.

All data analysis was carried out with the program MATHEMATICA
(Wolfram Inc., Champaign, IL).

Results and Discussion

Magnetic Alignment. A molecule’s magnetic susceptibility
tensor,y, can be decomposed into the sum of an isotropic
component,yo, and an anisotropic, traceless tensag,. In
diamagnetic proteinsAy is dominated by the aromatic ring
systems of Phe, Tyr, Trp, and His residues, and also contains
small contributions from the susceptibility anisotropies of the
peptide bonds. Since the magnetic susceptibility anisotropy
tensors of these individual contributors are generally not

be separated if data are obtained for only a single backbonecollinear, the net value aky in diamagnetic proteins is usually

amide, it will be shown that reasonably tight limits can be

small. Much larger values foAy, however, are obtained if

imposed when considering the total ensemble of backbonemany aromatic groups are stacked in such a way that their

amides.
In this study, we report the first observation of magnetic field

magnetic susceptibility contributions are additive, such as found
in B-form DNA.2 For a proteir-DNA complex,Ay is therefore

dependence of chemical shifts in solution. We show that the dominated by the DNA and to a good approximation will be

observed®N chemical shift changes in a proteiDNA complex

are in good agreement with those expected on the basis of= y, — yn).

axially symmetric, i.€.yx = xyy, @andAy = yzz— (ixx T xyy)/2
In this case, the magnetic-field-dependent

previously measured dipolar couplings. Chemical shift changes contributions to théJyy splitting (AJ) and to the'>N or HN

also are in much better agreement with a refined structure,

recently calculated for this complex by the additional use of
dipolar coupling constraintsthan with the original solution
structure!® This suggests that field-dependent chemical shifts

themselves can also be used as valuable structural constraints.

Materials and Methods

chemical shift Ad) are given by?35
AJ = DFS1B,) — A(B,) P,(cosf) D (1a)
AS = DFS2B,) + A(B,) P,(cose’) (2/3)C (1b)

where ABo) = S Ay (Bo¥15kT)(4m/u,) corresponds to the

Unless stated otherwise, NMR experiments were carried out at degree of magnetic alignment scaled by the generalized order

37 °C on a 2 mMsample of the DNA binding domain of uniformly
15N-enriched chicken GATA-1, complexed with a 16-basepair synthetic
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constant P = (ud/4m)yxyyhl(27%rxy®) ~ 22.3 kHz, fortH— The magnetic field dependence of the chemical shifts at
15N, whereyx andyy are the magnetogyric ratios of nuclei X  residuei, Adxi, is then calculated from the difference between

and Y, andrxy is the X—Y internuclear distance, ard is the the measured chemical shifts at the two magnetic field strengths,
magnitude of the chemical shift anisotropy, defineddas- after correction for the small temperature and spectrum calibra-

op. Further, B(cos#) = (3 cog 6 — 1)/2, andd andé' are the tion differences:

angles between the unique axis of the magnetic susceptibility

tensor and the XY vector or the unique axis of the CSA tensor, A(in(HF*LF) = 6XiHF — 6XiLF — (AT'AXiT +B,) ()
respectively (Figure 1). DFSR§) and DFS2B) are magnetic-

field-dependent contributions to tdesplitting and isotropic shift, wheredyxHF and dx'F denote the chemical shifts of nucleus X
resulting from interference between tH&l CSA and'*N—'H at high and low magnetic field strength, respectively. Unless
dipolar coupling mechanisnis: For the relatively 1ong jngicated otherwise, HF corresponds to 17.5 T (750 MHz) and

rotational correlation time of the complex under study and the | F 1 11.7 T (500 MHz): data recorded at 600 MHz serve as a
relatively large magnetic field strengths 1.7 T), the magnetic useful, independent check on the accuracy ofAldg; values.

field dependence of DFSB¢) and DFS2B) is extremely small.  |hgeed, within experimental uncertainty i (see below),
In this study, their values are therefore assumed to be the samepemical shifts were found to change monotonically with field
for all residues. strength.

Measurement of Magnetic Field Dependent Chemical Besides comparison between the observed and predicted

Shift Differences (Ad). Chemical shifts fodn andony were chemical shifts at 600 MHz, the reproducibility of the above-
taken from [°N,'H]-HSQC spectra. To achieve maximum described determination @fd was also verified by recording
accuracy in peak positions, relatively long acquisition times were g complete second set of spectra at both 500 and 750 MHz,
used in both dimensions, and data were extensively zero-filled using slightly different acquisition parameters. The pairwise
to yield high digital resolution (see Experimental Section). Each yoot-mean-square deviation between these two independent sets
spectrum was recorded at least twice, and the pairwise root-qf A §(750-500) yalues was 0.20 ppb fakdpn and 0.92 ppb for
mean-square difference (rmsd) between two successive meaag,,. This indicates random uncertainties of 0.14 and 0.65 ppb
surements was 0.12 ppb fépn and 0.48 ppb foon at 750 in the individual measurements, and 0.10 and 0.46 ppb in their
MHz, 0.17 ppb forony and 0.69 ppb foby at 600 MHz, and  averaged values, respectively. In all further analysis we used
0.31 ppb fordny and 0.86 ppb fody at 500 MHz. Only well-  these averaged values with assumed standard errors of 0.10 and
resolved, sharp peaks were considered, and the six C-terminaly 46 ppb.

residues were not used for further analysis becatie Correlation of Ady with Residual Dipolar Couplings.
relaxation measurements have shown that these residues argigyre 2B shows the correlation betweaty(75-5%) and the
highly flexible.” o corresponding difference iHH—5N J splitting, AJyn(750-500),
As pointed out before, the magnetic field dependence of the which is dominated by the residual dipolar coupling. Because
chemical shift can be smaller than the effect of minute changesthe unique axis of th&N CSA tensor (corresponding th) is
in temperature. To separate the two effects, first a very precisenot collinear with the N-H bond vector but makes an angle
measurement of the temperature dependence of the chemicabf about 12-24° (see also Figure £p-18the direct comparison
shifts was made by recording two sets of HSQC spectra at two of Ag andAJ values is rendered more difficult and we therefore
slightly different temperatures: 37 and 40. Assuming the first discuss the influence ¢f on this correlation.
change in chemical shift is linear with temperature over this  For a given angl® between the NH bond vector and the
narrow range, the temperature coefficients were obtained fromynique axis of the axially symmetric molecular magnetic
AxT = (0x37C — 0x*79)/3, where X= 1N or 'HN. Theyrange  susceptibility tensor (corresponding g, = x), the possible
from 0 to —11 ppb?C for *HN and from 22 to—24 ppb?C for orientations oY, describe the surface of a cone, centered around
15N, and all values are listed in the Supporting Information.  the N—H bond, with a semi-ang|@ (Figure 1B). The value of
Although nominally the spectra at all three spectrometer Ady depends on the angf® between the, axis of the magnetic
frequencies (500, 600, and 750 MHz) were recorded 37 susceptibility tensor and th&, axis, which ranges frong —
the actual difference in temperatur&T, was established by | to 0 + 8. The dashed lines in Figure 2A mark the upper
finding the AT value which minimizes and lower limits of B(cos#') values as a function ofJc0s6),
for § = 16°. Itis readily shown that for a uniform distribution
g= Z[5XiHF — 0y T — (AT-A" + By))? 2) of ¢y orientations on this con@P,(cos ") U= Py(cost) Px(cos
. B), and the averagAdy value,[AdnL] is then described by

where the summation extends over 8N or IHN nuclei for [AS = DFS2B,) + A(By)P,(cosf) P,(cosp)(4)C  (4)
which accurate shifts could be measured. The adjustable
constantByx accounts for small calibration differences (in the Under identical experimental conditions and with eq 1a, the

ppb range) between the spectra. Calculatioh®fwith eq 3 slope of the correlation corresponds to
implicitly presupposes that there is no correlation between the
magnetic field and temperature dependencies of the chemical OO DOAIy, = —PZ(COSﬁ)(Z/g)C/D (5)

shifts. The value foAT is calculated separately from the sets
of collectedHN and!*N shifts, yieldingATy and ATy. The

two AT values, obtained in this manner, are in excellent
agreement with one anotheATy — ATy| < 0.003°C), whereas
the actual difference in sample temperature relative to the

measurements conducted at 750 MHz was much laryér carried out at 25C, whereas\o values are obtained at 3CT.

0.26°C at 600 MHZAT = 0.13°C at 500 MHz). Thus, the molecular alignment factor, Byj, in eq 1 is 4%
(26) Tolman, J. R.; Flanagan, J. M.; Kennedy, M. A.; Prestegard, J. H. smaller for theAd measurement, introducing another factor of
Nature Struct. Biol1997, 4, 292—297. 0.96 in eq 5. Linear regression of the data presented in Figure

When attempting to obtain the relative magnitude of the CSA
and the dipolar coupling tensor from the slope of the correlation
shown in Figure 2B, another factor that must be taken into
account is the fact that the dipolar coupling measurements were
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Figure 2. (A) Influence of the anglg between the N-H bond vector
and the unique axis of theN CSA tensor orP,(x) functions: a,P-
(cos0); b, P,(cos @' [ c and d, maxima and minima, respectively, of
Py(cos ') for |6 — B] < 6" < 6 + B. (B) Plots of Adn("30-500) persus
AJun(750-590) AJyy were taken from re¥. Error bars are indicated in
the lower left corner. The solid line corresponds to the correlation for
B = 0° and an axially symmetrit®N CSA of 170 ppm; the dash-dotted
line corresponds to the averagéy expected fop3 = 16°, with values
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Figure 3. Plots of AonN(T505%) yersus B(cos 6'). §' angles were
obtained from (A) the original NMR structure of the GATA-DNA
compleX® and (B) from the refined structuregssuming3 = 13°. For
part A the correlation coefficient, equals 0.59. For part B= 0.90.
Open circles correspond to residues-2@ (no data were obtained for
Thr?2 due to spectral overlap); open triangles correspond td°@lyd
Leut®.

rotation of the N-H bond vector in the peptide plane by an

distributed within the area enclosed by the dashed line. See text for angles toward the N-C' bond. Best linear agreement between

further details.

2 yields a correlation coefficientof 0.79, and assuming =
16°, this corresponds to #N CSA of 170 ppm.

Owing to the “random-cone” orientation of tldg CSA axis
with respect to the NH bond vector, discrete pairs of “noise-
free” Adn andAJdpyn values are expected to scatter around the
theoretical slope, depending on the value of the a&dgure
1B). This degree of scatter is a steep functiof3.ofThe dashed
line in Figure 2B encloses the area whai@/AJyn pairs would
be located for a uniform, axially symmetric CSA tensor with a
width of 170 ppm, forg = 16°. Considering that both the
measurements &6 andAJ contain considerable experimental
uncertainties but mosi\don/AJun pairs fall within the area
enclosed by the dasheti= 16° line (Figure 2B), it appears
that < 16°. As discussed below, correlation of measufed,
values with the protein structure indicates a slightly smailer
value of 13+ 5°.

Correlation of Adn with Protein Structure. Above, only
the average value atdy expected for a giveihJyn has been
considered. Because the value of the ardgi® not taken into
account, the residual error in the correlation of Figure 2B
remains large. Wher\dy values are compared with values

Ady and RB(cos®') is obtained fo3 = 13.5° (vide infra). The
orientation of the unique axis of the magnetic susceptibility
tensor which optimizes linearity of this correlation deviates by
less than 2from the orientation derived frofP™N—1HN dipolar
couplings’ Figure 3 shows the correlation betweAdy and
P»(cos@') for both the origind® and the refineINMR solution
structures of the GATA-1/DNA complex.

For the original structure, Figure 3A shows that the correlation
betweemAdy and RB(cos®') is quite poor { = 0.59), reflecting
the relatively high uncertainty in the orientation of the peptide
planes in NMR structures solved at moderate precision (root-
mean-square deviation for the backbone relative to the mean
coordinates is 0.76 A), in the absence of dipolar coupling
constraints. For the structure solved by the additional use of
dipolar coupling constraintsthe correlation betweefdy and
P,(cos@') is much bettern(= 0.90) (Figure 3B). Although the
highest correlation coefficient, is obtained fo3 = 13.5, the
normalized error function shows that thevalue maximizing
is rather ill defined and has a standard deviationt6f.

Even in the absence of measurement errakdq, and for a
100% accurate structure, considerable scatter would be expected
in the correlation plot of Figure 3B, because significant
deviations from axial symmetry are known to occur for bé

predicted by the protein’s structure, the uncertainty introduced CSA tensoi® 18 Also, the magnitude of the CSA and tjfe

by & is removed. However, now the comparison is affected by

angle are expected to vary significantly from residue to residue.

the quality of the protein structure, in addition to the assumption The much higher degree of correlation observed in Figure 3B

that all'>N CSA tensors are axially symmetric and of uniform
magnitude. A direct correlation betwedy and the value of
P,(cos 0') in eq 1b is obtained by deriving the anglé after

compared to Figure 3A reflects the higher accuracy of the
structure refined by the additional use&N—!HN and13C*—
H® dipolar coupling constraints. It is interesting to note that
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narrowing of the solid stateN—H dipolar splittings over what
is expected for a statt®N—H pair with a 1.02-A interatomic
distance. The solid state CSA powder pattern width is therefore
expected to underestimate the true CSA by the same factor. In
our present study, thé®N CSA values in effect are scaled
relative to the">N—1H dipolar splitting (by assuming that Bg)
in egs 1la and 1b has the same value). Assuming that motional
averaging for the dipolar and CSA tensors is the same, the effect
of internal motions on the magnitude of the average CSA
cancels. The primary uncertainties in deriving fi CSA
from the Ady values are the deviations from the assumption of
‘ : : an axially symmetrid>N CSA tensor, errors in the measured

100 150 CSA 200 ppm Ady values, and small residual errors in the refined structure.
Figure 4. Potsofthe ertor functof = 3 (A3, AdyiNas Lo ecquenty, L not possible o dertve residue-specfc vales
a function of the CSA fop3 = 10° (dotted line), 13 (solid line), and ! ’
16° (broken line).AdnP*were calculated with use of eq 1b, witty Effects on Amide Proton Chemical Shifts,Adun. The
= —24.4 x 10°3 m¥molecule ands = 0.927 effect of magnetic field alignment on the proton chemical shifts

. . . . is also examined (Table 1, Supporting Information). The

except for a change in the orientation of a loop, extending from changes observed #iN chemical shifts are more than an order
residue 20 to 24 (represented by open cicles in Figure 3), magnitude smaller than those f8N (in ppb), whereas the

addition o_f dipolar constraints re_sulted only in relatively small reproducibility of the measured field dependence, also in ppb,
changes in the backbone atomic coordinates. The backbongg only ~4 times higher. Consequently, the relative error in

heavy atoms of residues—19 and 25-59 of the averaged 4 fie|d dependence dHN shifts is~3 times higher than that
original and refined structures superimpose to a root-mean- for 15N.

square deviation of 0.75 A. Locally, however, the dipolar N .
coupling constraints result in significant changes of peptide plane Values for theH" CSA m_the GATA-1/DNA complex have
also been measured by using a recently developed scheme that

orientations relative to the average structure. Albg measure- ) S 7
9 8 based on relaxation interferen@@® The value of the N

ments presented in this paper provide independent evidence tha® . ) . .
these changes result in a more accurate description of theCSA derived this way is based on the assumption thattte

average structure. For example, the open triangles in Figure 3CSA tensor is axially symmetric, with its unique axis parallel
correspond to the backbone amides of @lgnd Led. The to the N—H bond vector. Such measurements carried out on

agreement between theldy values and the orientations of the ~ UPiquitin indicated that théH™ CSA is a strong function of
corresponding®N CSA tensors is poor in the protein structure hydrogen bonding and also mcreases_Wlth increased solvent
calculated without dipolar constraints, whereas a reasonable fitexPosure. *HN CSA values measured in the GATA-1/DNA
is obtained in the structure calculated with the dipolar constraints COMPplex fall in the 2-17 ppm range. These values have been
included. Itis also interesting to note that the root-mean-square Used to predict the field dependence of € chemical shifts,
spread in the ensemble of refined structures relative to the meart'Sing the H-N bond vector orientations relative to the magnetic
coordinates (0.68 A) is nearly unchanged relative to the original Susceptibility tensor in the protefDNA complex refined with
set of NMR structures (0.76 A). However, the much better dipolar constraints. Although there is substantial scatter between
agreement between the field-dependé® chemical shift the measured and predicted field dependence oftieshift
information and the structures refined with dipolar constraints (" = 0.38) (Supporting Information, Figure 1), the root-mean-
confirms that this latter set of structures is of considerably higher square difference between the predicted and measured change
accuracy than the original set. is only 0.27 ppb. Although this is 2.7 times the random
Magnitude of Average!SN CSA. The predicted\dy value uncertainty in the measurement itself, it is likely that small
is derived from the protein structure (refined by including dipolar Systematic errors, such as could arise from a small, cross-
couplings) for three different values ¢fand for a range of  correlation-induced change in the asymmetry of thediltiplet
CSAvalues. The difference between the predicted and observedshape as a function of fief,could affect accurate measurement

ET.
(ppb?),|

o)
1.6
1.4+

1.2

Ad values is described by the error functign of the HN shift. Also, the approximation of an axially
symmetric H' CSA tensor with the unique axis parallel to the
E= Z(AéNi’”ed— ASW**Y?IN (6) N—H bond may be valid for protons for which a large CSA
|

value is obtained by relaxation interferer®€é! As relaxation
interference only evaluates the difference between the shielding
parallel to the N-H bond vector and the average shielding
orthogonal to this vector, it is unlikely that the above ap-
proximation is valid when relaxation interference indicates small
CSA values. The slope of the correlation between measured
and predicted field dependence of th# hift (0.8 4+ 0.3) is
close to unity, confirming that the HCSA values measured
previously from cross correlation roughly agree with our present
measurements (Supporting Information).

where the summation extends over &ll residues in the
structured region of the protein for whizkdy were obtained.
Figure 4 plotsE as a function of the magnitude of thN CSA.

E is at a minimum for = 13° and a CSA of 168 ppm. This
minimum does not depend very strongly on the assynealue:

for = 10° and 16, the minimum value oE increases by
~6%, and is reached for CSA values of 169 and 163 ppm,
respectively. These values are slightly higher than the value
of ~160 ppm, derived from the solid state powder pattern. This
discrepancy has been attributétb the fact that solid statéN (28) Tjandra, N.- Bax, AJ. Am. Chem. Sotn press

CSA values usually are not scaled for the effect of fast, small-  (29) Kay, L. E.; Bax, A.J. Magn. Reson199q 86, 110-126.

amplitude internal motions. These motions result in-6.6% 20‘(%0) Berglund, B.; Vaughan, R. Wi. Chem. Phys198Q 73, 2037
(27) Tjandra, N.; Szabo, A.; Bax, A. Am. Chem. So&996 118 6986— (3i) Wu, C. H.; Ramamoorthy, A.; Gierasch, L. M.; Opella, S1.JAm.

6991. Chem. Soc1995 117, 6148-6149.
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Concluding Remarks purely absorptive, as even the slightest change in phase can
alter the measured position of a resonance. This requirement
is frequently more difficult to meet in the detected dimension
of a 2D NMR spectrum than in the indirectly detected
dimension, where the required phasing parameters are easily
calculated in advanégand do not require iterative adjustment.
Particular attention must also be paid to correcting the effect of
temperature on chemical shift. As it is difficult to have the
sample temperature on different spectrometers adjusted to
exactly the same value, correction for the temperature depen-
dence of the chemical shifts must be madé €q 2) before
calculating the magnetic field dependence of the chemical shifts.
Field-dependent chemical shifts are most easily measured for
nuclei with a large CSA and a high magnetogyric ragiof-rom
this perspective, botFPN and'HN are non-optimal candidates
for the study of such effects. Magnetic field dependence for
13C' shifts, in contrast, is expected to be easier to measure; its
CSA is about 25% smaller than féiN, but itsy is 2.5 times
larger and its transverse relaxation time is relatively long,
yielding a narrow resonance. Although its CSA tensor is not
axially symmetric, the magnitude and orientation are known to
be quite uniform. Including an energetic term during structure
calculation, which accounts for the difference between the
observed and calculaté®' field dependence, is therefore fully
analogous to the previously described incorporation of dipolar
constraints in the structure calculation procéss.

We have shown that peptid®N chemical shifts in a
magnetically oriented protein complex vary with magnetic field
strength in a manner fully consistent with the orientation of the
peptide bond relative to the magnetic susceptibility tensor of
the complex. Therefore, magnetic field dependence ofike
shift can be used as a powerful constraint in macromolecular
structure determination, in a manner analogous to the recently
proposefdland demonstratédbility to utilize dipolar coupling
constraints.

Our measurements are consistent with an axially symmetric
15N CSA tensor with its unique axis in the peptide plane, making
an angle of 13+ 5° with the N—H bond vector and 106 5°
with the N—C' vector. A best fit between the refined protein
structure and the observéeN chemical shift changes yields a
15N CSA value of 168k 20 ppm. Solid state NMR analysis of
short peptide)$—18 and of gramicidin-A3 shows considerable
variation in both the CSA, which ranges from 144 to 165 ppm,
andp ranging from 12 to 24 Considering that the solid state
CSA values have not been corrected for rapid internal motion,
our average CSA value is in excellent agreement with the solid
state data.

In contrast to dipolar coupling constraint&\ CSA-derived
constraints are affected by the natural variations in the magnitude
and orientation of this tensor relative to the peptide bond.
However, resulting errors in the constraints are of similar
magnitude to those from the uncertainty in the measurement Acknowledgment. We thank Frank Delaglio and Dan
itself. For example, a 20-ppm change in #id CSA from its Garrett for assistance and use of their software, Marius Clore,
assumed value of 168 ppm would result in an error in the CSA- Angela Gronenborn, and Dennis Torchia for many useful
derived constraint for the angl, between the CSA axis and  discussions, and James G. Omichinski for preparation of the
the unique axis of the susceptibility tensor, of less thafob GATA1-DNA complex. This work was supported by the AIDS
0' values in the 2575° range (or 105155’ range). ®N-CSA Targeted Anti-Viral Program of the Office of the Director of
derived constraints already have proven to be particularly useful the National Institutes of Health. M.O. is supported by a Swiss
in solid state NMR!? and results obtained in the present study National Science Foundation postdoctoral fellowship.
indicate they can also be used in solution studies of proteins,
nucleic acids, and their complexes, provided that the macro-
molecule has a sufficiently anisotropic magnetic susceptibility
tensor.

Measurement of the magnetic field dependence of chemical
shifts is in many respects simpler compared to the measuremen
of dipolar couplings. Chemical shift values can be obtained
directly from peak-picking a simple 2D heteronuclear shift jA971639E
correlation spectrum, recorded at high digital resolution. Itis ™ (32)Bax, A; lkura, M.; Kay, L. E.; Zhu, GJ. Magn. Resorl991, 91,
critical, however, that the spectra are carefully phased to be 174-178.

Supporting Information Available: One table containing
the chemical shifts, field dependent chemical shift differences,
and temperature coefficients f8iN andHN of GATA, and a
plot of the measured proton chemical shift difference,n°°s
f;ersusthe predicted value#\donnPed(3 pages). See any current
masthead page for ordering and Internet access instructions.




