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The effect of deuteration on the measurement of HN-HN distances amides. An increase in the intensity of HN—HN cross peak
in moderately sized (15 kDa) proteins is discussed. Data are pre-  jn NOESY spectra occurs because of line-narrowing of th
sented for a 15 kDa protein which is 95% deuterated on the H,  resonances as well as the restriction of magnetization tran
position, and partially (70%) deuterated at other aliphatic sites. Deu- fer to amide protons10—13. This increased intensity al-

teration of the protein increases the signal intensity of HN-HN cross .
peaks in NOESY spectra such that dipolar couplings between protons lows the detection of NOEs between protons separated |
5-6 A. It has been suggested that HN-HN NOEs can &

4-5 A apart are readily detected. Experimental data and computer - )
simulations show that either perdeuteration or partial deuteration of ~US€d to determine the global fold of large protei2<14.
the protein increases the accuracy of amide—amide distance con- Additionally, it has been shown that the selective protona

straints. Thus, partial deuteration can be used to obtain more accu- tion of lle, Leu, and Val residues in otherwise perdeuterate
rate long-range distance constraints for structure determination by  proteins can lead to NMR structures of large proteins whic
NMR.  © 1998 Academic Press are of moderately high resolutionl§).

Since perdeuteration has had a large impact on the applic
tion of NMR to large proteins, it is surprising that this labeling
scheme has not been used to enhance the structure determ

The incorporation of deuterium into proteins at selected sithrl of smaller (1015 kDa) proteins. The ability to measurs

has been traditionally used to simplify the proton NMR spect gnaer distance constraints (i.e., 5-6 A) .WOL."d be advant:
by removal of resonance lines<3. Recently, partial deutera- 9€0US- Furthermore, because the magnetization transfer pe

tion has been utilized to decrease the spin—spin relaxation rafy’s are restrlcteq to amlde protgns, the error in converting :
of *H spins. The overall goal of this approach is to improvB‘OE cross-peak intensity to a distance should be reduced

resolution by a reduction in proton linewidth, but at the sanfifuterated proteins, thus providing more accurate distan
time maintain a sufficiently high proton density to detect scalgPnstraints. _ o o
and dipolar coupling between protons. The degree of change if '€ réluctance in obtaining data from deuterated midsize
the spin—spin relaxation rates can be controlled by randonfl{Pt€ins may be related in the cost of obtaining perdeuterat
varying the fraction of protons replaced with deuterons (sé8mples. Although growth in D with deuterated acetate is
Ref. 4 for review). relatively inexpensive and results in complete deuteration ¢
Partial deuteration also decreases the spin—spin relaxation Aighatic protons16), many proteins are not highly expressec
of heteronuclear spins because most of the relaxation of thétehis medium. Alternatively, proteins can be produced b
spins is due to the attached proton. This leads to an increas@'i@wth of bacterial cultures on labeled glucose in minima
signal intensity of triple resonance experiments, thereby pernfitedium or in a fully deuterated rich mediurdQf, both of
ting the application of these techniques to larger proteins fathich are expensive. An inexpensive way of achieving partic
resonance assignme#).(Most recently, complete deuteration ofdeuteration is to simply grow bacteria in,O on normal
proteins has been employed to minimize the spin-spin relaxatig@rbon sources. This method results in nearly complete r
rate of heteronuclear spins. Perdeuteration of proteins has matgement of the Hprotons and replacement of approximately
possible the application of a wide variety of triple resonancé)% of the remaining aliphatic protons (see later discussior
experiments to larger proteins (30—40 kDa) to obtain assignmeWle show that the NOESY spectra from such partially deutel
of N, HN, C,, CO, and G resonancess(-9. ated protein has all of the attributes of spectra obtained frol
Perdeuteration also has a substantial effect on the trangferdeuterated protein. Increased signal intensity is observed
of magnetization by dipolar coupling (NOE) betweetthese spectra, and NOE cross peaks between distant am
protons (4-5 A) are readily observed. We also show with
 To whom correspondence should be addressed. Fax: 412-268-7129. combination of computer simulation and experimental data th
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the accuracy of distance constraints is improved with either A
perdeuteration or partial deuteration.

Z(

RESULTS AND DISCUSSION

O

)

A 130 residue protein, Rho130, was used for these stutlfes (
18). This protein consists of an amino-terminal three helix bundle
(residues 1-48) and a carboxy-termigatheet domainl(7, 18.

The acquisition of the three-dimensiortaN-separated NOESY
spectra has been described elsewhé® (§. The levels of
deuteration at aliphatic sites were estimated by analysis dHLD-
and 2D*3C/*H-HSQC spectra of the protein. This sample was A A\\
produced using normaPC-labeled glucose as the carbon source ‘ "‘
in minimal medium, and partially deuterated by growing the cells
in 95% D,0O. A comparison of the amide proton to alpha proton
ratios in 1D*H spectra showed that the, 4 were approximately
95% deuterated. The estimation of the level of deuteration atother °° %0 87 &4 &7 78 75 72 69 66

sites was obtained from the relative intensity of CHHOH,D, and Proton (ppm)

CH, peaks in a 20°C/*H-HSQC spectrum. From these data, it FIG.1. Deuteration increases the intensity of HN—HN NOES. A portion of
was estimated that approximately 70% of the aliphatic protoas HN-HN HSQC-NOESY obtained on partially deuterated Rho130 (A) an
were deuterated. The level of deuteration varied with the ami{(\)@it{]s;Or:qci’gzterdog:‘;ﬁ?hfi)nzggaizg"r":s-i;ﬁsgze‘:tlrj Slgovi’ﬁ'\#asz ifsrtf’ar:‘mc;m
acid type and the site of deuterat_lon. For example, %ewbre from the HNpproton of Glul3 to the residues is ,con’tain’ed within the squar
deuterated to a level of 30% while ThrBH\’ere deuterated to brackets. Glul3 is the third residue in afhelix. The spectra for panel A were
90%. Methyl groups were deuterated to a levet-ef0%. obtained from a 1.0 mM sample on a 600 MHz Bruker DRX spectromete

NOE peak intensities were simulated using the prograing a mixing time of 180 ms. The spectra in panel B were obtained from
FIRM (21) with an overall rotational correlation time of 8 1..5 mM sample on a 500 MHz Varian Unity Plus spectrometer using a mixini
10"° s. A three-step methyl group rotation with a correlatiofim® °f 120 ms.
time of 5 X 10 ' s was used to model methyl rotations. The

leakage rate was set to zero for these calculations. The coor- . o
dinates of the protons in Rho130 were obtained by addirtf'(ﬂly by others and is illustrated in Fig. 1. Note that the spectr

protons to the 1.5 A crystal structure of Rhol3®)(using for protopated and partially deute.re}t.ed Rh0130 samples WE
Insightll (Molecular Simulations Incorporated, San Diegd@ken using the same total aquisition times. While e
CA). In the case of fully deuterated protein the only protor{glaxatlon times of the amide protons in the_deuterated prote_u
considered in the simulations were the exchangeable proté§ I_O_nger _than thosg for protonated prot_elns, t_here was still
(amide and hydroxyl). All protons were used in the simulatioffgnificant increase in NOE cross-peak intensity for the pal
of NOEs in fully protonated protein. For the case of partialijially deuterated protein. Thus, in the partially deuterated sar
deuterated protein, it was necessary to consider an ensemblB!®f the oss in sensitivity due to a relatively short (compared t
molecules because of incomplete deuteration of the aliphafid recycle delay is negligible as compared to the overa
carbons. For each member of this ensemble all exchangedpfgeased intensity of the partially deuterated NOE cross peal
protons were present, and the level of deuteration at other site®OESY spectra of the partially deuterated protein (Fig. 1A
was chosen randomly to give an average level of deuterati®ows peaks between amides which are separated by as m
for the H, proton of 95% and an average level for the othe#s 4.7 A while the same region of the protonated sample on
nonexchangeable protons of 70% over the ensemble. A totaBBPws peaks for amides which are separated by 2.6 A (Fi
100 proteins made up the ensemble, and the NOE intensitid®. This observed increase in intensity is also seen in tr
for each interproton pair were averaged over the ensemble Nmerical simulations (see Table 1). The increase in cros
all cases, interproton distances were obtained from the N@Eak intensity for the deuterated protein is largest for shorte
intensity using the isolated spin approximation. This assumigéerproton distances at longer mixing times. In a fully proton
the peak intensity is proportional tor¥/ The scaling factor for ated sample the magnetization from HN protons is transferre
conversion of intensities to distances was obtained from NO& aliphatic protons in close proximity to the amide instead o
intensities for a set of protons separated by 2.7 A. being transferred to other amide protons. This effect is esp

There are two anticipated effects of deuteration on HN-H8lally large for long mixing times, leading to an overall de-
NOEs: an increase in overall peak intensity and a more relialsleease in the intensity of the cross peak for interproton di
estimation of interproton distances from these intensities. Ttances in the range of 2—4 A. For both the fully deuterated ar
first effect, increased intensity, has been observed experim#re partially deuterated sample, the intensities of HN—HN cro:s
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TABLE 1
NOE Peak Intensity®
Mixing time (ms) 100 150 200 250
HN-HN distance (A) D PD P D PD P D PD P D PD P
2-3 872 778 527 1163 985 558 1390 1120 537 1560 1204 49
34 182 173 141 272 251 177 358 318 195 437 374 201
4-5 50 48 50 77 73 71 105 96 86 133 118 96
5-6 20 19 21 30 29 31 41 41 42 53 53 50
2-6 249 224 163 333 286 182 404 336 188 464 373 18¢

2 NOE peak intensities are shown in arbitrary units. D, fully deuterated; PD, partially deuterated; P, protonated.

peaks are two- to threefold higher than the corresponding peglestially deuterated proteins will be three- to sixfold more
from a fully protonated sample for distances in this range. intense than corresponding peaks in protonated samples.
As the interproton distance increases, the intensity differ- Deuteration also increases the accuracy of interproton di
ence of cross peaks for the deuterated and protonated samialases calculated from NOE crosspeak intensities. Figure
becomes smaller. In fact, for NOEs from protons separated &lyows scatter plots of the actual interproton distance versus
5-6 A, the cross-peak intensities in all three samples areasured interproton distance for fully deuterated, partiall
predicted to be similar. This relative increase in the intensity deuterated, and fully protonated samples. These plots show tl
cross peaks in the protonated sample is due to the relay, or gmantial or full deuteration results in a smaller discrepanc
diffusion, of magnetization from one HN proton to another viaetween the actual versus measured distance. This effect
an intervening, non-amide, proton. The preceding analysigre pronounced at larger distances and with longer mixin
does not consider the effect of deuteration on the linewidthstihe. Table 2 shows the effect of deuteration levels and mixin
the cross peaks, which results in a factor of 2—3 increase in titae on the agreement between the interproton distances frc
signal-to-noise for deuterated samples versus protonated s#im- model structure and the distances calculated from NC
ples. Therefore, cross peaks from either fully deuterated peak intensities. As expected, in the case of short interprot

ACTUAL
R

OBSERVED R

FIG. 2. Effect of deuteration on distance measurements. The actual HN-HN distance is plotted versus the HN—HN distance obtained from the simulat
intensities. Points are shown for all interamide distande& A or less. The mixing time used in these simulations was 200 ms. (A) Results obtained for fu
deuterated protein. (B) Results of calculations for partially deuterated protein. (C) Results obtained for fully protonated protein. (D—F) Effect of app!
correction factor of the formRR = y(R — 2.2) + 2.2 to the data presented in panels A4Qs 1.2, 1.25, and 1.5 for the deuterated, partially deuterated, an
protonated sample, respectively.
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TABLE 2
Real Space R Factors®
Mixing time (ms) 100 150 200 250
HN-HN distance (A) D PD P D PD P D PD P D PD P
2-3 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.03 0.04 0.04 0.0
3-4 0.06 0.07 0.09 0.09 0.10 0.12 0.11 0.12 0.15 0.13 0.14 0.1
4-5 0.05 0.06 0.12 0.07 0.09 0.16 0.09 0.11 0.19 0.11 0.13 0.2
5-6 0.07 0.09 0.16 0.11 0.12 0.21 0.13 0.15 0.25 0.15 0.18 0.2
2-6 0.05 0.06 0.11 0.07 0.09 0.15 0.09 0.11 0.18 0.11 0.13 0.2

2The real spac® factor

N N
R= > [d—dg /D do
i=1

i=1

was calculated for the indicated shells of interproton distartkgs.the distance based on the crystal structure of Rhad@@s calculated for each NOE mixing
time and is the distance calculated from the simulated NOE intensity using the standamdationship. In these calculations the protein was fully deuterate:
(D), partially deuterated (PD), or fully protonated (P).

distances (2-3 A), all three levels of deuteration showRanunit slope becomes more symmetrical after application of
factor of 3—4% at all mixing times. In all cases tRefactor correction factor. However, for the case of the protonated dat
increases as the interproton distance becomes larger or ithenot possible to use a linear scaling factor to accomplish th
mixing time increases. However, it is clear that Réactors over the entire range of distances. Therefore, data from eith
for either the fully or partially deuterated samples are signifperdeuterated or partially deuterated samples is more amena
cantly lower than those obtained for the fully protonated sarfy correction by a linear scaling factor than data from protor
ple. For example, consider thfactors for distances of 4-5 A ated samples.

at a mixing time of 100 ms. Note that protonated protein the predicted increase in accuracy for NOE distance me
distances have aRfactor of 0.12, whereas partially deuterated,,rements after scaling is also realized experimentally. In tt

protein shows arR_ fa_ctor of 0.06. Most importantly, n(_)te_tha_t,\“vlR structures of Rho1301@), the NOER factor 1) before
theRfactors are similar for both deuterated samples, md'cat"Pglaxation matrix refinement is 20% for the amide—amide cor

0,
that c_o_mplete_: rem_oval of the fproton as well as 70% of the straints obtained from the partially deuterated sample and 45
remaining aliphatic protons are sufficient to attenuate SP8r constraints obtained from the protonated sample. The:

diffusion for all practical purposes. . .
In practice, the choice of a mixing time should include galues are higher than those presented in Table 2 because t

consideration of the desired error in the distances which a%@,o contain a contribution from the experimental signal-to

obtained from the peak intensities. Further, these errors should &€

the basis of error limits on the distance constraints. For example!l Summary, the use of partially deuterated samples is

if & 10% error is desired for interproton distances in the range @fOnomical way to enhance the information content of NOES

4-5 A, a 100 ms mixing time should be used for a fully protorsPectra. The increased signal intensity in NOESY spectra pe

ated sample. However, a 200 ms mixing time would give the sarfids the measurement of dipolar coupling between distal

error in the case of either partially or fully deuterated samples (s@@ide protons. More importantly, the accuracy of distanc

Table 2). Under these conditions, the peak intensities for thgeasurements is significantly improved. With linear scaling ¢

deuterated samples would be at least twofold greater than thth data to account for residual spin diffusion effects it i

found in the protonated sample (see Table 1). possible to lower th& factor for long range distances (4—6 A)
Additional improvement in the accuracy of distance mede less than 10%, thus providing accurate long-range structul

surements can be obtained by the empirical adjustment aafnstraints.

measured distances to account for the effects of spin diffusion

(20). The application of this correction to the simulated data

can reduce further the disparity between the true distance and ACKNOWLEDGMENTS
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