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ABSTRACT. The development of®N, 13C, 2H multidimensional NMR spectroscopy has facilitated the
assignment of backbone and side chain resonances of proteins and protein complexes with molecular
masses of over 30 kDa. The success of these methods has been achieved through the production of
highly deuterated proteins; replacing carbon-bound protons with deuterons significantly improves the

sensitivity of many of the experiments used in chemical shift assignment.

Unfortunately, uniform

deuteration also radically depletes the number of interproton distance restraints available for structure
determination, degrading the quality of the resulting structures. Here we describe an approach for improving
the precision and accuracy of global folds determined from highly deuterated proteins through the use of
deuterated, selectively methyl-protonated samples. This labeling profile maintains the efficiency of triple-
resonance NMR experiments while retaining a sufficient number of protons at locations where they can
be used to establish NOE-based contacts between different elements of secondary structure. We evaluate
how this deuteration scheme affects the sensitivity and resolution of experiments used té°akSith

and'H chemical shifts and interproton NOEs. This approach is tested experimentally on a 14 kDa SH2/
phosphopeptide complex, and a global protein fold is obtained from a set of matbjthyl, methyt

NH, and NH-NH distance restraints. We demonstrate that the inclusion of mehltyland methyt-

methyl distance restraints greatly improves the precision and accuracy of structures relative to those
generated with only NHNH distance restraints. Finally, we examine the general applicability of this
approach by determining the structures of several proteins with molecular masses of up to 40 kDa from
simulated distance and dihedral angle restraint tables.

The development of multinuclear, multidimensional NMR
spectroscopy has had a significant impact on the utility of
NMR in structural biology. Most applications to date have

that deuteration of aliphatic positions #iN, 13C-labeled
samples can further increase the molecular mass of systems
amenable to investigation by NMR. The use of deuteration

focused on macromolecules with molecular masses of underfor spectral improvement and simplification dates back to

25 kDa (Clore & Gronenborn, 1994). However, it is clear

experiments performed in the late 1960s by Markley and
Jardetzky as well as by Crespi et al. (Crespi et al., 1968;

' This work was supported through grants from the Natural Sciences Markley et al., 1968; Crespi & Katz, 1969). Subsequently,
and Engineering Research Council of Canada, the Medical Researchseveral groups demonstrated the ut”lty Of fractlonal or

Council of Canada, and the National Cancer Institute of Canada with

funds from the Canadian Cancer Society. K.H.G. and M.K.R. were
supported by postdoctoral fellowships from the Helen Hay Whitney

complete deuteration in 2D homonuclear spectroscopy (Le-
Master & Richards, 1988; Torchia et al., 1988; Tsang et al.,

Foundation and the Cancer Research Fund of the Damon Runyon-]_ggo), and Jardetzky, Arrowsmith, and co-workers used a

Walter Winchell Foundation, respectively.

* Corresponding author.

* Current address: Cellular Biochemistry and Biophysics Program,
Memorial Sloan-Kettering Cancer Center, 1275 York Avenue, New
York, NY 10021.

® Abstract published i\dvance ACS Abstractdanuary 15, 1997.

1 Abbreviations: 2D, two-dimensional; 3D, three-dimensional; 4D,
four-dimensional; CSI, chemical shift index; CT, constant time; DG/
SA, distance geometry/simulated annealing; (HB)CBCA(CO)N#S,
carbon (via carbonyl carbon) to nitrogen to amide proton correlation;
(H)C(CO)NH-TOCSY, side chain carbon (via carbonyl carbon) to
nitrogen to amide proton correlation; HNCO, amide proton to nitrogen
to carbonyl carbon correlation; HN(CO)CA, amide proton to nitrogen
(via carbonyl carbon) tai-carbon correlation; HN(COCA)CB, amide
proton to nitrogen (via carbonyl carbon andcarbon) tos-carbon

scheme combining deuteration and heteronuclear-edited
NMR methods to determine the solution structure of a 37
kDatrp repressor protein/DNA complex (Zhang et al., 1994).

Perhaps the most important applications of deuteration are
in combination with triple-resonancé®{, 3C, 'H) spec-
troscopy. Experiments recorded &N, 3C, 2H-labeled
samples demonstrate significantly improved spectral resolu-
tion and sensitivity relative to similar experiments performed
on fully protonated molecules (Grzesiek et al., 1993;
Yamazaki et al., 1994a,b; Farmer & Venters, 1995; Nietlis-
pach et al.,, 1996). These benefits arise from the lower

correlation; HSQC, heteronuclear single-quantum coherence; GM-CSF, gyromagnetic ratio of deuterons relative to that of protons

granulocyte-macrophage colony-stimulating factor; ISPA, isolated spin

pair approximation; NOE, nuclear Overhauser effect; NMR, nuclear

(yulvo ~ 6.5), substantially lengthening the relaxation times

magnetic resonance; PLCC SH2, C-terminal SH2 domain of bovine Of carbon and proton spins in proximity to the substituted

phospholipase €1; PLCC/pY1021, complex of the C-terminal SH2
domain of bovine phospholipase’Cand a 12-residue phosphotyrosine
peptide comprising the Tyr 1021 site of the platelet-derived growth

factor receptor; rf, radio frequency; rmsd, root mean-squared difference

of atomic positions; SNase, staphylococcal nuclease.

deuterons. With the development of experiments to take
advantage of the favorable relaxation propertie$tbound
carbon nuclei, deuterated samples are becoming more
commonly used in NMR studies of proteins with molecular
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masses of 20 kDa or greater. Two recent examples of this Protonated methyl groups offer an important source of
are the structure determinations of the Shc phosphotyrosinestructural information in deuterated proteins; here we evaluate
binding domain (190 residues) and Bcl-X209 residues), the significance of this contribution in the process of protein
where Fesik and co-workers used 70% random-fractionally structure determination. We initially examine how the
deuterated samples (Zhou et al., 1995; Muchmore et al.,presence of protonated methyl groups impacts the assignment
1996). of chemical shifts, in terms of both experimental sensitivity
As the molecular mass of the macromolecule increases,@nd deuterium isotope effects on the observed chemical
so too does the efficiency of dipolar relaxation resulting from Shifts. Experimental NOE data from a 14 kDa complex of
the remaining protons. In this context, in a recent study of an*™N, *°C, ’H-labeled SH2 domain with protonated methyl
a 64 kDatrp repressor/DNA complex, it was necessary to IrouPs 0; A""l‘- Val, Leu, and lley@ only) [referred to as an
deuterate the aliphatic positions to a high leve9(%) for N, C, 2H (*H-methyl)-labeled SH2 domain] bound to an
the assignment of backbone NHEN, 13Co, and 3CB unlabeled 12-residue phosphopeptide are used to compile

chemical shifts (Shan et al., 1996). Itis likely that a similarly NH~NH, methyl-NH, and methy+-methyl distance re-
high level of 2H incorporation will be needed for the straints. Structures generated from this data together with

sequential assignment of many single polypeptide chain dihedral angle restraints derived from carbon chemical shifts

proteins with molecular masses on the order of30 kDa. are presented, demonstrating that the addition of distance
This near-complete substitution of deuterons for protons restraints involving methyl groups significantly improves
presents a serious problem for NMR-based structure deter-P0th the accuracy and precision of the resulting structures.
mination with its heavy reliance on interproton distance '€ generality of this approach for application to larger
restraints established by nuclear Overhauser effect (NOE)POteins is investigated by determining structures from
experiments. Note that the exchangeable NH sites are fully Simulated sets of dihedral angle and distance restraints
protonated in these highly deuterated samples and distancé€rived from several protein systems up to 40 kba in
restraints involving these protons can be obtained using molecular mass. These analyses demonstrate that the

recently developed 4EPN, °N-edited NOESY experiments structural information available from™N, *C, *H (*H-
(Grzesiek et al., 1995: ,Venters et al., 1995). However methyl)-labeled samples will be sufficient in many cases to
simulations and experiments in our laboratory suggest thatdetermme the global folds of larger proteins.

distance information from backbone NH protons alone will
generally be insufficient for obtaining accurate global folds

of proteins. Sample Preparation An 5N, 13C, 2H (*H-methyl)-labeled
With these problems in mind, we have sought to develop sample of the bovine phospholipasglGPLCy1) C-terminal
an approach that maximizes the extent of deuteration in aSH2 domain (PLCC SH2) was prepared as described
given sample while introducing protons at high occupancy previously (Rosen et al., 1996). This protein contains #L.C
into a small number of specific sites. Samples labeled in amino acid residues 66¥59 and additional residues
this manner should retain many of the benefits that deutera-introduced during cloning to bring the total length to 105
tion provides for the NMR experiments used in chemical amino acids. The protein was generated by overexpression
shift assignment without the concomitant loss of the inter- in Escherichia colistrain BL21(DE3) in M9 media with
proton distance restraints necessary for defining protein 99.9% RO, >NH,CI, and [*C]pyruvate and subsequently
global folds. To this end, we have developed a biosynthetic purified as before. The sample consisted of 0.5 mL of 2
method where most aliphatic positions are deuterated to highmM PLCC SH2 contained in argon-purged 100 mM sodium
levels while the methyl groups of several hydrophobic amino phosphate (pH 6.0) buffer with 1QoM DTT-dyo, 100 4M
acids remain highly protonated (Rosen et al., 1996). This EDTA-di,, and 90% HO/10% D;O. The PLCC SH2/
is achieved by overexpressing protein in bacteria grown in pY1021 complex was generated by titrating a 12-residue
D,O with protonated’fC]pyruvate as the sole carbon source. phosphotyrosine-containing peptide derived from the Tyr
Protons attached to the pyruvate methyl carbon are retainedL021 site of the platelet-derived growth factor receptor into
in the methyl groups of alanine, valine, leucine, and the PLCC SH2 sample. The progress of the titration was
isoleucine ¢2 methyl position only). Proteins generated in monitored by observing chemical shift changes“—'H
this manner show 4680% protonation at the pyruvate- HSQC spectra of the PLCC SH2. A fully protonaté,
derived methyl groups and lower levels of protonation at **C-labeled PLCC SH2 sample was similarly prepared to
several methylene locations grbf Ser, Trp, and Asn/Asp; ~ measure the effects 8H substitution on**N, *3C, and'H
Hy of Arg, GIn/Glu, and Pro) in an otherwise highly chemical shifts.
deuterated system. Nuclear Magnetic Resonance Experimer#MR spectra
Methyl groups are excellent targets for protonation from Were acquired using a Varian Unity600 MHz spectrometer
an NMR standpoint a®C—H correlation spectra are often €quipped wih a 5 mmtriple-resonance probe with a pulsed-
well-resolved and fast rotation about the methyl symmetry field, actively shieldedz-gradient and a gradient amplifier
axis leads to relatively narrow proton and carbon spectral unit. Unless otherwise noted, experiments were conducted
line widths (Kay et al., 1992a). Furthermore, Ala, Val, lle, at30°C using samples in 90%X/10% D:O. Spectra were
and Leu are the most common amino acids in protein Processed and analyzed using the software packages NM-
interiors (Janin et al., 1988). Therefore, protonated methyl RPipe (Delaglio et al., 1995) and NMRView (Johnson &
groups from these residues are often witli A (NOE Blevins, 1994), respectively.
distance) of other residues on different secondary structural Backbone®N, NH, *Ca, 3Cj3, and*3*CO assignments of
elements. These groups are also highly represented athe deuterated, methyl-protonated PLCC/pY1021 complex
molecular interfaces, suggesting that this method may alsowere obtained using constant-time (CT) HN(CO)CA (Yamaza-
be useful for studies of protein complexes. ki et al., 1994a), HN(COCA)CB (Shan et al., 1996), and
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HNCO (Kay et al., 1994) experiments. The former two are  Distance restraints were obtained by analyzing the 4D
methods that are designed for use on highly deuteratedNOESY data sets described above in a conservative manner,
proteins. Methyl'3C resonances were assigned with data requiring the unambiguous assignment and identification of
from a modified (H)C(CO)NH-TOCSY experiment (Gardner both symmetry-related cross-peaks in thé, 1°N- and3C,
et al., 1996) that correlates these chemical shifts with those*C-edited NOESY experiments. Restraints were only
of the backbond®N and NH of the following residue. To tabulated for peaks involving backbone NH and/or methyl
establish the utility of this method on high-molecular mass protons, although cross-peaks were observed between several
proteins, data were recorded &C3 at this temperature, the  other types of protons. These include side chain NH groups
PLCC/pY1021 complex has a correlation time of 1&8 and several pyruvate-derived methylene positions, including
0.6 ns as determined B§N relaxation experiments (Farrow Hp for Ser and Asn/Asp and Hifor Arg, Pro, and GIn/Glu
et al.,, 1994). Valine and leucine methyl groups were (Rosen et al., 1996). Although not derived directly from
stereospecifically assigned by comparison to the chemical pyruvate and protonated at low percentage, several weak
shifts of the fully protonated PLCC/pY1021 complex (Mu- NOEs involving lle @1 methyl groups were observed and
handiram et al., 1995); de novo assignments are readilyused in the structure determination.
obtained using a previously established method (Neri et al., Distances were calculated with the isolated spin pair
1988). Backbone®N, NH, and **C (Ca, CB, and CO) approximation (ISPA). NOE cross-peak intensities were
chemical shifts of a#°N, 13C fully protonated PLCC/pY1021 calibrated from the 175 ms mixing time NOESYs using
sample were obtained from HNCO and (HB)CBCA(CO)- cross-peaks between pairs of atoms separated by known
NH experiments (Grzesiek & Bax, 1992; Muhandiram & short-range distances that are easily identified in a protein
Kay, 1994), making use of previously determined chemical of unknown structure. These atoms and distances are as
shifts (Pascal et al., 1994; S. M. Pascal, A. U. Singer, L. E. follows: N, >N-edited NOESY, sequential NH protons in
Kay, and J. D. Forman-Kay, manuscript in preparation).  an o-helix (2.5 A); 13C, *N-edited NOESY, intraresidue
Distance restraints were determined with data obtained CA—NH for Ala in an a-helix (2.6 A); and'3C, 13C-edited
from three 4D gradient-enhanced, isotope-edited NOESY NOESY, intraresidue methyimethyl distance for Leu and
experiments:13C, °C-edited (Vuister et al., 1993%C, 1°N- Val (2.5 A). All restraints based on NOEs to methyl groups
edited (Muhandiram et al., 1993), arldN, !*N-edited were treated as distances to the methyl carbon(s). The
(Grzesiek et al., 1995; Venters et al., 1995). The tW pyruvate-based labeling technique leads to residue type-
edited experiments incorporate sensitivity-enhanced, gradi-specific differences in methyl protonation efficiency, ranging
ent-based coherence transfer pathway selection (Kay et al.from 39% (alanine) to 80% (leucine) (Rosen et al., 1996).
1992b; Schleucher et al., 1993), and care was taken toTo account for these differences and their effect on the
minimize the perturbation of the & resonance through the intensity of NOEs involving methyl groups, the intensities
use of water-selective flipback pulses (Grzesiek & Bax, 1993; of methyl NOEs were divided by the average number of
Kay et al., 1994; Stonehouse et al., 1994). Water suppressiorprotons present in each particular methyl type via (Yip, 1990)
in the 13C, 13C-edited NOESY experiment was achieved on
the basis of two dephasing pulses with orthogonal phases A po(z) = g (Tm) (1)
(durations of 6.0 and 3.7 ms; 7.8 kHz rf field strength) ABA'm NaNg
sequentially applied before the recycle delay and a®-H
selective 99 pulse followed immediately by a gradient wherea ag(7m) andaas(zm) are the corrected and observed
applied at the end of the NOE mixing period. Each intensities of the NOESY cross-peak between sites A and
experiment required approximately 5 days of spectrometer B, respectively, anaha andng are the average numbers of
time using 4 scans/FIDa 1 srecycle time, a 175 ms NOE  protons at A and B, respectively. For example, consider an
mixing period, and & of 30 °C. The sweep widths and NOE observed between the methyl group of an alanine
maximum evolution times for each dimension of these residue (39% protonatiom, = 1.17) and a methyl group
experiments were as follows; [(*H), t» (X), t3 (X), and ty of a leucine residue (80% protonations = 2.40). The
(*H)]: *3C, 3C-edited NOESY, 3600 Hz (16.7 ms), 3600 intensity of this NOE is divided by the product of the average
Hz (4.4 ms), 3600 Hz (3.3 ms), and 7199 Hz (48.9 ms); number of protons present on each methyl group (17
13C, 15N-edited NOESY, 3600 Hz (13.9 ms), 3600 HZQ, 2.40= 2.81) prior to determining the distance via the ISPA.
4.4 ms), 1335 Hz*¥N, 12.0 ms), and 8500 Hz (52.7 ms); Distance restraints from th€N, *N- and the!3C, 1>N-
and N, *N-edited NOESY, 2200 Hz (12.7 ms), 1335 Hz edited NOESY experiments employed a lower bound of 1.8
(19.5 ms), 1335 Hz (12.0 ms), and 8500 Hz (52.7 ms). A and an upper bound 33% larger than the ISPA-calculated
PLCC SH2 Structure Determination and AnalysiRe- distance. A comparison of the distances obtained from the
cently, Pascal et al. have obtained a refined solution structure4D data sets with distances calculated on the basis of the
of a complex between the C-terminal SH2 domain of mean structure obtained from the group of highly refined
phospholipase €1 and a 12-residue tyrosine-phosphorylated PLCC SH2 reference structures (S. M. Pascal, A. U. Singer,
peptide derived from the platelet-derived growth factor L. E. Kay & J. D. Forman-Kay, manuscript in preparation)
receptor (S. M. Pascal, A. U. Singer, L. E. Kay & J. D. indicated that this method overestimated the actual distances
Forman-Kay, manuscript in preparation). The high precision by an average of 18% (NHNH NOEs) and 11% (methwy
of these structures (0.66 0.11 A rmsd for backbone atoms NH NOESs). This comparison also suggested that it was not
between residues 10 and 100) was achieved through the us@ossible to accurately quantitate distances frontiGe'*C-
of 1874 distance and 197 dihedral angle restraints. We haveedited NOE data, likely due to spin diffusion; as such, all
used these structures to examine the relative quality of upper bounds for these restraints were set to the longest
structures produced from the reduced subset of conforma-experimentally observed distanca { A carbor-carbon
tional constraints available from deuterated, methyl-proto- distance). Although the PLCC SH2 was complexed to a fully
nated samples. protonated phosphopeptide and protein/peptide NOEs were
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Table 1. Chemical Shift Differences between tfd, 13C, 2H |
(*H-Methyl) Domain and thé®N, 2C, 'H PLCC SH2 . @g:{f‘fﬁ
3
amino acid 15N 13Co. 13Cpb oo b & NH-NH
Gly -0.23£0.10 —-050£0.02 na &
lle —0.164+0.12 —0.45+0.04 —0.91+0.07 3
Thr -0.15 -0.40 —0.57 T oosf
Val —0.234+ 0.07 —0.494+ 0.05 —0.774+0.02 2 P ¢
Asn —0.28 —0.34+0.01 —0.61+0.01 g s
Asp —0.27+0.04 —0.43+0.02 —0.70+ 0.02 k: os |
Arg —0.17+0.14 —0.46+ 0.06 —0.964+ 0.05 £
Cys —0.49 —0.46 —0.65 5
GIn —0.194+ 0.05 —0.43+ 0.04 —0.82+ 0.05 3
Glu —0.224+ 0.07 —0.444+0.09 —0.83+ 0.06 02 r
His —0.184+ 0.05 —0.444+0.08 —0.724+ 0.05
Leu —0.284+ 0.06 —0.45+0.05 —1.084+ 0.04
Lys —0.224+ 0.06 —0.40+ 0.04 —1.044+ 0.06 0.0
Met —0.29£0.05 —0.46+0.10  —0.94+0.03 e 30 mnonrangm 80
Phe —0.244+0.08 —0.37+0.03  —0.90+0.01 _ * )
Pro nd —0.45+ 0.01 —0.85+ 0.05 Ficure 1: Observed fraction of possible NOEs in the PLCC SH2.
Ser —0.204+0.10 —0.43+ 0.09 —0.724+ 0.06 Possible NOEs were determined from all sets of appropriate protons
Trp —0.15 —-0.34 —0.69 [or carbons for methyl groups of Ala, Val, Leu, and Ije2(only)]
Tyr —0.274+0.11 —0.43+0.05 —0.86+ 0.04 within a given distance range using the mean structure from the
Ala —0.22+0.05 —0.42+0.04 —0.93+ 0.05 set of high-precision reference structures (S. M. Pascal, A. U.

Singer, L. E. Kay & J. D. Forman-Kay, manuscript in preparation).
The numbers of experimentally observed NOEs/possible NOEs are
listed above each bar.

aNo significant changes were observed for NH (0-D®.01ppm)
or 13CO (—0.01 + 0.05 ppm) chemical shifts. Negative numbers
represent upfield shifts of the indicated nucleus upon deuteration; the

values listed are averagesdne standard deviation) except for Thr, . .

Cys, and Trp, where only one measurement was made for each shi]‘t.correSpOndlng atoms in the mean structure C_)f the group] and
Chemical shifts were obtained from spectra with 0.09 ppniff for accuracy [rmsd of backbone heavy atoms in each member
the 15N, 13C, 2H (*H-methyl) sample], 0.23 ppm/pt3C for the N, of a group and the corresponding atoms in the mean structure

13C, *H sample), 0.07 ppm/ptN), and 0.01 ppm/pt't) resolution. of the PLCC SH2 reference group (S. M. Pascal, A. U.

nd, not determined; na, not applicabteshifts reported for methylene ; _ PP
groups are the difference between the fully protonated &tdl fully srlggg:ét:_on;z] Kay & J. D. Forman-Kay, manuscript in

deuterated CPforms. o ) . .
Structure Determinations on Larger Proteins Using Simu-
.. _ . lated Restraints.In order to examine the quality of structures
utilized in the structure determination of the fully profconated potentially available from large¥N, 13C, 2H (*H-methyl)-
complex (Pascal et al.,, 1994; S. M. Pascal, A. U. Singer, L. |aheled proteins, we generated structures of several different
E. Kay & J. D. Forman-Kay, manuscript in preparation), N0 qteins using simulated distance and dihedral angle restraint
attempt was made to incorporate intermolecular restraintsopjas ohtained in the following way. Crystallographically
in this work. determined structures of the following proteins were obtained
Additional structural information was derived from back- from the Brookhaven Protein Data Bank (Bernstein et al.,
bone¢ andy dihedral angle restraints. These were obtained 1977): granulocyte-macrophage colony-stimulating factor
from the secondary structure assignments as determined fromyGM-CSF, 1gmf) (Diederics et al., 1991), staphylococcal
the'*Ca, *Cf, and'*CO chemical shifts using the chemical nyclease (SNase, 1stn) (Hynes & Fox, 1994)dol,4-
shift index (CSI) method (Wishart & Sykes, 1994). Because petaxylanase (1xnb) (Campbell et al., 1993), human carbonic
the *Co and™*Cp chemical shifts are moved upfield by the  anhydrase Il (1mua) (B. H. Shilton, H. A. Shuman, and S.
replacement of locally bonded protons with deuterons, we | Mowbray, personal communication), farnesyl diphosphate
have modified the CSI random coil values for each residue synthase (1fps) (Tarshis et al., 1994), and maltose binding
by the average difference in shifts between protonated andprotein (1mpb) (Tweedy et al., 1993). Structures with a
deuterated, methyl-protonated samples of the PLCC SH2yariety of topologies were selected with the MOOSE World
(Table 1). a-Helical residues were restrained togay) of Wide Web facility, employing proteins in the #@5 kDa
(=70 £ 50°, =50 + 50°), while residues inf-sheet  molecular mass range. Nonprotein components of these
conformations were set to-(140 + 60°, 130+ 90°). structures, such as water and ligand molecules, were removed
Structures of the PLCC SH2 were generated using anfrom all analyses.
X-PLOR standard hybrid distance geometry/simulated an- Distance restraints were generated by tabulating distances
nealing (DG/SA) protocol (Bmger, 1992). Although the unde 7 A between all combinations of NH and methyl
pY1021 peptide was present in the NMR sample, restraints positions that would be protonated irfld [Ala, Val, Leu,
involving peptide protons were not included and the peptide and lle ¢2 only), 'H-methyl]-labeled sample. To account
was omitted from the structure calculations. To evaluate the for the reduced number of restraints actually observed in
quality of the structures that were generated, a number of experimentally determined sets, restraints from this full list
statistical analyses were performed using the programwere discarded in a type- and distance-dependent fashion
MOLMOL (Koradi et al., 1996) on structures that were on the basis of their frequency of observation in experimental
consistent with the input empirical and experimental con- data sets recorded using the PLCC SH2 complex (Figure
straints (less than two violations of NOE restraints over 0.5 1). Lower and upper bounds were set as in the PLCC SH2
A and less than one violation of dihedral restraints ov@r 5  structure determination; all restraints used a 1.8 A lower
These analyses include precision [root mean-squared differ-bound, while upper bounds were set to 1.18 or 1.11 times
ence (rmsd) of the positions of backbone heavy atoms inthe crystallographically determined distance (NNH and
each member of an experimentally generated group and themethyNH restraints, respectivelyy@ A (methymethyl
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restraints). Note that the values of 1.18 (NNH) and 1.11 deuteration at the &€ (102 + 6%) and @ (>75% for all
(methyNH) were chosen for consistency with the experi- amino acids except Ala, Ser, and Trp) positions (Rosen et
mental results from the SH2/pY1021 complex. As described al., 1996).

above, it was noted that experimental NNH and methy- As a prerequisite for the assignment of methyl NOEs, the
NH distances were overestimated by 18 and 11%, respec-3C and'H chemical shifts of the protonated methyl groups
tively, using an upper distance limit set to a factor of 1.33 (Ala, Val, Leu, and lle) must first be obtained. To this end,
larger than the distance estimated on the basis of the ISPAwe have recently developed a 3D (H)C(CO)NH-TOCSY
Dihedral angle restraints were determined using the second-experiment which correlates th&(methyl) chemical shift
ary structure assignments in each PDB coordinate file andof a residue with thé>N and NH shifts of the following
set to the same ranges as with the PLCC Sida¢lix, (¢,v) residue (Gardner et al., 1996). The high sensitivity of this
= (=704 50°, —50 &+ 50°); andf-sheet, 6,1) = (—140+ experiment is due to the virtually complete level of deutera-
60°, 130+ 907)]. tion in the non-methyl carbon positions of Ala, Val, Leu,

These restraints were input into X-PLOR protocols for and lle; over 90% of these residues are fully deuterated
structure determination. The SNase structure was determined>etween the methyl and carbonyl carbon atoms (Rosen et
utilizing the same hybrid DG/SA approach employed for the al-, 1996). In this way, the transfer of magnetization can
PLCC SH2. The other five structures were determined Proceed along the side chain with minimal relaxation losses.
Starting from an extended temp|ate using a torsion ang|e_Additi0na”y, the Iongitudinal relaxation of methyl protons
constrained molecular dynamics approach in X-PLOR (Rice is efficient. An average methyl proton relaxation tirffie
& Brtinger, 1994; E. Stein, L. M. Rice, and A. T. Biger, of approximately 0.35 s has been measured fog Qidups
personal communication). This method offers key advan- Of the™N, 13C, 2H-labeled (methyl-protonated) PLCC SH2/
tages over standard molecular dynamics protocols for PY1021 sample at 3C (Rosen et al.,, 1996). Note that
generating structures of larger proteins as a result of themethyl Tis, unlike NH longitudinal relaxation times, are
simpler conformational space that is searched. The searchegather insensitive to field strength and overall molecular
of torsion ang|e space are conducted with fixed bond |engthsC0rre|ati0n time. The efficient relaxation allows the use of
and angles, achieving an approximate 10-fold reduction in short recycle delays between scans in experiments where
the numbers of parameters required to describe the structuregnagnetization originates on methyl protons.

Additionally, the removal of high-frequency bond and angle  In order to evaluate the (H)C(CO)NH-TOCSY experiment,
vibrations allows the use of higher temperatures and longerwe have recorded spectra on i, **C, ?H-labeled (methyl-
time steps during refinement, facilitating more computation- protonated) PLCC SH2/pY1021 sample at°@. The
ally efficient searches. The net result is an improved correlation time measured at this temperatate< 18.8+

convergence rate and correspondingly shorter times for 0.6 ns) is similar to that of a 35 kDa globular protein at 30
calculating acceptable structures. °C. Virtually all (33/36) of the expecteCHa(i)—**N, NH-

For each protein, five sets of randomly generated distance(i+1) _correlations. were qbserved at high ;igr_1a| to noise,
restraint lists were constructed and combined with the establishing the utility of this method for application to larger

dihedral restraints established as described above; betweeROtEINS. So_me correlations were also observed for other
six and ten structures were obtained from each set of Protonated sites (Asn/Asp/H GIn/Glu Hy, and Ser i),
restraints. Subsequently, structures from all five runs were but thes.e are at lower Intensities pr imarily due to Iowe_r
grouped together, and statistics were generated on those tharotonation levels and the optimization of several experi-

satisfied the angle and the simulated experimental distanceMental parameters for Ala, Val, Leu, and lle (Gardner et

restraints. The number of restraint violations that were al., 19_96)' Modification of the_exper_ime_nt to enable the
tolerated in structures used for analysis increased with '€cording of methyl proton chemical shifts in place of carbon
molecular mass. For example, in the largest system con-SNifts or so both methyl carbon and proton chemical shifts
sidered (maltose binding protein), the structures had on '€ obtained using a 4D pulse scheme is straightforward.
average 5 NOE violations over 0.5 A and 15 dihedral angle  Effect of Deuteration on Chemical ShiftShe replacement

violations over 5. For each protein, between 8 and 20 of deuterium for protons leads to an upfield change in the
structures were available for analysié. chemical shifts of nearb$N and*3C nuclei, chiefly via a

through-bond mechanism (Hansen, 1988). Studies on small
RESULTS AND DISCUSSION organic compounds have shown that these effects are

cumulative; directly bonded deuterons introduce the largest

Chemical Shift AssignmeniThe initial step in an NMR- shifts, but significant shifts can be measured due to deuterium

based structure determination is the chemical shift assignmenincorporation at positions up to four bonds distant from the
of the nuclei required in later analyses. In‘%N, 13C, 2H measured site. In the present case, the magnitudes of the
(*H-methyl)-labeled protein, these include the shifts of deuterium isotope effects were quantitated by comparing the
backbone N, NH, *Ca, and'3CO) and side chain{CS, chemical shifts derived from fully protonated and deuterated,
13C(methyl), and'H(methyl)] positions. Triple-resonance methyl-protonated samples of the PLCC SH2. The amino
experiments optimized for use on large, highly deuterated acid-specific differences for theN, 3Co, and'3CS shifts
proteins have been developed for assignmentif NH, are reported in Table 1; deuteration had insignificant effects
13Ca, and ¥CS chemical shifts in proteins and protein on the NH and*CO chemical shifts. Upfield shifts of a
complexes (Yamazaki et al., 1994a,b; Shan et al., 1996).fairly uniform magnitude were observed at both thl
These methods rely on magnetization transfer steps through(—0.22+ 0.09 ppm) and3Co. (—0.444 0.08 ppm) positions.
carbon nuclei, requiring high levels of deuteration at these From the observeddshifts and the extent of £deuteration
sites for maximal sensitivity. The efficiency of these established in a previous study (Rosen et al., 1996), we
experiments will remain high when applied to deuterated, estimate the one-bond and two-bond deuterium isotope
methyl-protonated samples due to the significant levels of effects on carbon chemical shift\[*3C(?H) and?A 3C(?H)]
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to be—0.25 and—0.10 ppm, respectively. These values are the CSI method. A CSl analysis of a fully protonated PLCC
quite similar to those observed at aliphatic sites of small SH2 similarly underestimates the length of this helix, and
organic compounds (Hansen, 1988). A much wider range of interest is the fact that th&un. coupling constants from

of shifts is observed at thedposition (-0.57 to—1.08 ppm) this sample are all greater than 7 Hz in the C-terminal four
than at @, due to differences in side chain structure and residues of this helix (S. M. Pascal, A. U. Singer, L. E. Kay
the presence of specifically protonated sites in certain amino& J. D. Forman-Kay, manuscript in preparation). It is also
acids. Thus, for each amino acid type, there may be differing noteworthy that CSI predictions of secondary structural
numbers of protons and deuterons that influence the chemicakelements in the Grb2 SH2 domain have also severely
shift of the *3CS carbon. As an illustration, consider the underestimated the length of theB helix (Wang et al.,
difference in the deuterium-induced shift at thg @osition 1996).

of Glu/GIn (—0.83 and—0.82 ppm, respectively) relative to Effect of Deuteration on Spectral Resolutiohn the

Lys (—1.04 ppm). The ¢ carbons of Glu/GIn are partially ~ analysis of larger protein systems by NMR, adequate spectral
protonated as they are derived from a positioroieto- resolution is a vital requirement. As observed in our previous
glutarate that originates from the pyruvate methyl group work, the combined effect of pyruvate transaminases and
(Rosen et al., 1996). In contrast, the extent of deuterationthe intrinsic ability of the pyruvate methyl protons to
at the G position in Lys is much higher. Note that the shifts exchange with solvent deuterons leads to incomplete pro-
reported for the methyleneApositions (and glycine &) tonation of the target methyl groups, generating a mixture
are for the fully deuterated GOsotopomers and thus are of CH;, CH;D, CHD,, and CI} isotopomers at each of these
not affected by differences in protonation at these particular sites (Rosen et al., 1996). Each methyl deuteron leads to
sites. upfield shifts of both the carbon nucleus@.3 ppm perH)

The “secondary shifts” ot3Ca, 13CS, and3CO carbons  and the remaining methyl protons-0.02 ppm per’H),
from their residue-specific random coil values have been giving rise to as many as three peaks per methyl group in
successfully used to determine the secondary structure ofcarbon-proton correlation spectra (GDs not detected in
many proteins via the CSI method (Wishart & Sykes, 1994). these experiments). Because spectral overlap becomes more
In order to predict secondary structure on the basis of thecritical with larger proteins, it is clearly important to
chemical shifts obtained for deuterated, methyl-protonated minimize the effects of the methyl isotopomers as much as
proteins produced using the pyruvate scheme discussedossible.
previously (Rosen et al., 1996), it is necessary to modify Many of the multidimensional experiments used for
the random coil values of each site in each residue with the assignment of chemical shifts and NOE distances are limited
values listed in Table 1. Using theaxGecondary shift data  in resolution in the indirectly detected dimensions. This is
obtained from the chemical shifts reported fer70% particularly the case in the carbon dimensions of 4D NOE-
deuterated Trp repressor bound to DNA (Yamazaki et al., based experiments, where acquisition times-eb4ns are
1994a) and the modified random coil values that include the typically employed. The resolution in the carbon dimensions
effects of deuteration, we were able to accurately identify of these experiments is limited to a large extent, therefore,
all six a-helices in TrpR, although the length of each of these by the short acquisition times and not by the isotopomer
was underestimated by approximately one residue at bothdistribution discussed above. To illustrate this point, we have
the N- and C-terminal ends relative to a crystal structure of recorded constant timl€C—H HSQC spectra on both fully
the TrpR/DNA complex (Lawson & Carey, 1993). Ad- protonated and deuterated, methyl-protonated samples of the
ditionally, a small section ofg-strand was incorrectly = PLCC SH2. Although these spectra were obtained with
predicted in the immediate vicinity of the 5-methyltryptophan acquisition times of-1/Jcc in the carbon dimension, where
cofactor; this aromatic group likely leads to aberrant upfield Jcc is the one-bond aliphatic carbewarbon coupling
shifts of the'*Ca resonances, resulting in this misidentifi- constant, we have truncated the data in the carbon dimension
cation. Note that the & chemical shifts reported for this  after 4.4 ms of evolution during the processing stage. In
complex are for @—2H pairs (not @—'H), and therefore,  this way, the resolution in the carbon dimensions of each
the corrections listed in Table 1 are, at least to first order, data set is the same as, or in fact slightly better than, that
correct. However, because this sample was prepared usingbtained in the final processed 4D experiments. Note that
glucose as the carbon source and 70%Dthe levels of in the 4D experiments evolution of magnetization due to one-
deuteration at the £position and for carbons proximal to  bond homonuclear carbon couplings proceeds during the
Cp are likely to be different from that of the pyruvate-derived carbon evolution time. Panels a and b of Figure 2 illustrate
protein. The correction factors for thes@ositions listed that for the methyl groups arising from Ala, Val, Leu, and
in Table 1 are not applicable in this case, and we have lle (y2) of the deuterated, methyl-protonated sample there
therefore not included the&shifts in this analysis. is a small but noticeable degradation in spectral resolution

The random coil data base with théCo and 3CS relative to that of the corresponding spectrum of the fully
modifications indicated in Table 1 was used to calculate the protonated molecule. It is clear that, to a large extent, the
secondary structure of the PLCC SH2 from the chemical poor resolution in the carbon dimension minimizes the
shifts obtained on the deuterated, methyl-protonated sampledeuterium isotope effects associated with the isotopomer
The CSl-based secondary structure was consistent with thadistribution. In addition, however, NMR and mass spectro-
observed in the high-precision reference structures of thescopic data indicate that the average level of labeling of the
PLCC SH2 (S. M. Pascal, A. U. Singer, L. E. Kay & J. D. pyruvate-derived amino acids Val, lleZ), and Leu is on
Forman-Kay, manuscript in preparation), although the lengths the order of two protons per methyl, and approximately 50%
of most elements were underestimated by one or two residueof these protons are derived from the £3sbtopomer (Rosen
at each end. A notable exception to this wasdiBehelix, etal., 1996). Thus, the centers of the isotopomer distribution
which was significantly truncated from 10 residues in the are heavily weighted toward the GHnethyl resonance
reference structures to only the four N-terminal residues by position. In contrast, the llé1 CHs groups, which are
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o TerE - an b. 0 Grzesiek & Bax, 1994; London et al., 1994). Note that

~ o neither the Met K nor the Thr H methyl groups are derived
from pyruvate; as a consequence, neither has ar@thyl
peak and all cross-peaks from these positions are severely
broadened. To further reduce the intensity of any remaining
peaks from deuterium-containing methyl groups, it is possible
to actively purge magnetization from these methyls. In this
e case, we have employed a strategy which is similar in some
respects to that discussed previously in the context of
selecting for CHD methyl groups (Muhandiram et al., 1995).

(wdd) 9,

"ﬁg* ) ) 1 Magnetization transferred from methyl protons to carbon at
FY N U?M 1 the start of the constant time carbon evolution period is
- v " allowed to evolve for a period of 1/J24), whereJcy is the

one-bond*C—'H coupling. At this point, magnetization
associated with3CHz, 3CH,D, and*3CHD, spin systems is
of the form Crrl/1; (i = j), Crrl/, and Crr, respectively,

g &8
T %%
‘A
gaeb

R
(wdd) 5,

A4

e 2 whereCrr is transverse carbon magnetization apdefers
oo &é d y@g o o é. to thez component of magnetization associated with methyl
vy hal " protoni. Application of a proton 9®0, pulse pair at this
“"’§ .. ﬁ é o ¢ point, where the phase af is incremented by 180in
- 4L 4L - ® successive scans with no change in the receiver phase,
'H (ppm) effectively eliminates magnetization from tH€H,D group.
Ficure 2: Effects of the deuterium isotopomer distribution on Additional purging of signals arising from partially deuterated
spectral resolution. (a and b) Methyl region of a constant tiiGe isotopomers is achieved by applyingt purge (90) pulse
'H HSQC experiment recorded on (a) &N, *°C,?H (*H-methyl)- ¢ 3 time of 1/(dcp) after the start of the constant time carbon

labeled PLCC SH2/pY1021 complex and (b)!&NM, 1°C, H-labeled

version of the same complex. Spectra are derived from only the eVOIuF'On period. In a previous DUb!'Cat'on' we have_
initial 4.4 ms of the carbon evolution [a total carbon evolution time described how each of the carbon multiplet components in

of 28 ms was recorded for each spectrum, Wihdecoupling in CD and CD spin systems evolves due to carbafeuterium
the case of théN,'*C, 2H, (*H-methyl) PLCC SH2 sample]. The  scalar coupling(s) (Muhandiram et al., 1995). Neglecting
lle Co1 region is identified by a dashed box. Spectra are plotted at o terium spin flips for the moment, only the outer com-

similar distances from the noise floor.{e) Resolution improve- -
ment by eliminating cross-peaks from deuterium-containing methyl ponents of the €D triplet are effected bylco, and they

groups. All panels show a portion of the methyl region of constant €volve at a rate ofv = +27Jcp. In the case of the CD
time 13C—1H HSQC experiments recorded on a sample of'fhe spin system, evolution is more complex since the carbon
°C, 2H (*H-methyl)-labeled PLCC SH2/pY1021 complex. These multiplet is a 1:2:3:2:1 pentet. As before, the central line

experiments utilized (c)H broad-band decoupling during th¥ does not evolve, while the lines closest to and farthest from
evolution period (UJcc ~ 28 ms) for maximum resolution of the !

isotope-shifted peaks, (d) rfél broad-band decoupling to selec-  the central component evolve with angular frequencies of
tively broaden the CkD and CHD-derived cross-peaks and (e) a +27Jcp and +4mJep, respectively. It is therefore not
purging scheme described in the text to further reduce the intensity possible to eliminate both sets of lines with a single purging

of CH,D and CHD-derived cross-peaks. Spectragare plotted  pylse. Moreover, evolution is complicated by finite deute-
at the same levels and were recorded af@5 rium lifetimes which result in an interchange of magnetiza-
derived from Thr and not pyruvate, are composed of tion between each of the multiplet components. In Figure
approximately equal amounts of Gand CHD isotopomers  2e, we have chosen a compromise delay of tf{tin the
(CH,D is absent), and in this case, the deuterium isotope purging scheme employed, and the efficiency of purging
shift is much more pronounced. Note that cross-peaks fromsuggests that this choice is reasonable.
methyl groups that are not directly derived from pyruvate  Although the purging scheme described above could be
are at a much lower intensity {3.5-fold lower than those  incorporated into NOESY-based experiments, the use of
of Val and Leu) than peaks from pyruvate-derived residues. constant time periods and, more importantly, the decrease
Resolution is improved i®*C—H correlation experiments in intensity of methyl NOEs arising from the purging of
by recording the carbon chemical shift in a constant time CH,D and CHD groups lead to unacceptable sensitivity
manner, where the duration of the constant time period is losses. As such, the optimal approach for simplifying the
chosen to minimize sensitivity losses arising from carbon  distribution of methyl cross-peaks is to improve the yield of
carbon scalar couplings (Santoro & King, 1992; Vuister & fully protonated methyl groups at the point of protein
Bax, 1992). Thus, maximum acquisition times in the carbon biosynthesis. Deuterium incorporation into the methyl
dimension are typically chosen to be multiples of the inverse groups appears to proceed by two mechanisms, one of which
of the one-bond aliphatic carbearbon coupling. In this is catalyzed by pyruvate transaminase (Rosen et al., 1996).
case, the resolution is sufficient to allow observation of each We have found that inducing protein overexpression for a
of the methyl isotopomers, as illustrated in Figure 2c recorded shorter time at a higher temperature (9 h af@#/s 24 h at
with 2H decoupling during the evolution of carbon magne- 30 °C used in the present study) generated a PLCC SH2
tization. A simple way of minimizing the intensity from sample with higher amounts of fully protonated methyl
CH,D and CHLO isotopomers is to eliminat# decoupling, groups. Preliminary results demonstrate a 30% increase in
as indicated in Figure 2d. In this case, deuterium spin flips the CH;:CH,D ratio of several pyruvate-derived methyl
mix carbon multiplet components associated with different groups, suggesting that this shorter induction period ensures
deuteron spin states, leading to a significant broadening andthat the overexpressed protein incorporates pyruvate-derived
hence attenuation of these cross-peaks (Grzesiek et al., 1993amino acids before the internal pyruvate stores become
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extensively deuterated. Other options currently under ex- SH2 structures were generated on the basis of approximately
ploration include the use of transaminase-deficient bacterial 18 restraints per residue.

strains, growth of bacterial cultures in the presence of The average number of restraints per residue is an overly
transaminase inhibitors, and the development of an approactsimplistic descriptor of the available distance restraints,
based on organic synthesis and enzymology to produce largenowever, since the influence of NOEs depends not only on
guantities of*N, 13C, 2H-labeled methyl-protonated amino their number but also on their placement within the structure
acids. (Liu et al., 1992). In this case, NOEs involving the

PLCC SH2 NOESY Analysis and Structutie. order to protqnated methyl groups are quite i_mportant du_e to the
evaluate the strategy of obtaining global folds based on alocation of many methyl groups in protein hydrophobic cores,
limited data set of NH-NH, methyNH, and methyl where they are near other protons that are distant in the
methyl distances, we have examined the precision andPrimary structure. This is emphasized in a schematic
accuracy of structures obtained from experimental distance€Presentation of the PLCC SH2 with the protonated methyl
and dihedral angle restraint information derived from a 9roups indicated using a space-filling representation (Figure
deuterated, methyl-protonated sample of the PLCC SH2.3&). The majority of methyl groups are located between the
Interproton distance restraints were obtained from three Centrajs-sheetand two flanking-helices, placing the methy!
isotope-edited 4D NOESY experiments recorded with mixing protons of one secondary structure element near protons from
times of 175 ms at 36C. The absence of large numbers of other elements. This is reflected in the NOEs experimentally
protons in highly deuterated systems dramatically limits the observgd from the deuterated, methyl-protonated PLCC SH2
number of observable NOEs. As such, each individual S&mple; the median NHNH NOE is between protons on
interproton distance restraint has a significant influence on Sequential residues, while the median mettiyH NOE
the total group of structural restraints. With this in mind, Nvolves protons separated by two residues. In contrast, the
we have used 4D isotope-edited NOESY experiments so thatMedian methytmethyl NOE is separated by 14 residues (for
two chemical shifts could be recorded to assist in the @l CHs—CHs NOEs; 17 residues if only the interresidue

assignment of each proton of an interacting pair and have Methyl NOEs are considered). These NOEs are thus

required unambiguous assignment of both diagonally related€Xtrémely valuable even when the distance between the
cross-peaks for a given NOE in th&N, 15N- and °C, 13C- methyls is imprecisely known. Correspondingly, a much
edited NOESY experiments. greater percentage of the methyhethyl NOEs are long-

. . range compared to the other two classes of NOEs (| =
It is instructive to compare the pattern of observed NOEs 5 residues): NHNH (18%), methy-NH (36%), and

to the distances present in_the mean PLCC SH2 Stru_Cturemethyl—methyl (72% of all NOEs, 88% of inter-residue
calculated from the highly refined reference structures (Figure NOES).
1). A high percentage of the possible NHH NOE cross- Examination of structures determined (i) on the basis of

peaks were observed at distances up to 5 A, but few WereNH—NH NOEs only, (ii) from NH-NH, methyNH, and

seen past this range. Previous studies using proteins de”?nethyl—methyl NOESs, and (iii) from a full complement of

terated uniformly and to high levels have noted NOES yoEg derived from a fully protonated sample illustrates the

between protons separated by longer distances, facilitateqy o rtance of the methyl-based distance restraints. The NN
by the increased relaxation time of diagonal magnetization .ass of structures (Figure 3b) have a fairly well-formed

and the reduction in the number of spin-diffusion pathways central B-sheet (rmsd to the reference mean, 3:39.80
(LeMaster & Richards, 1988; Venters et al., 1995). Structure R), due to the presence of many interstrand-N¥H NOES.
calculations performed by both our group (discussed below) gimilar accuracy is observed within either of thehelices,
and others (Venters et al., 1995) suggest that it is not feasible o strained byi(i+1) and {, i+2) NH—NH NOEs. However,
to obtain accurate global folds using only distance restraints iha distance between backbone NH atoms from different
between backbone NH protons®A orless. Assuch,more  gecondary structural elements is usually greater than the 5
distance information is needed; with deuterated, methyl- & maximum distance that was experimentally observed in
protonated systems, additional distances are available fromy,q 15N, 15N-edited NOESY data set. As such, few NOEs
methyt-NH and methyt-methyl NOEs. As showninFigure  h5ye heen obtained between the helices and the central sheet,
1, a significant percentage of the possible cross-peaks forgffeciively leaving them disordered with respect to each
these NOEs were observed for distances greater than 5 Agher  These results are consistent with those previously
and this is especially important given the relatively large tound for human carbonic anhydrase and the HIV-1 Nef
number of possible restraints available at these distances. protein (Grzesiek et al., 1995; Venters et al., 1995). The
To demonstrate the improvements gained by incorporating locations of the protonated methyl groups in positions
methylmethyl and methytNH NOE information, two sets  between the central sheet and flanking helices (Figure 3a)
of structures differing in the types of restraint information result in significant numbers of NOEs between protons from
used were generated. One group, NN, used distanceresidues in different secondary structural elements. This is
restraints only between backbone NH protons combined with observed in the CN group of structures that were generated
backbone dihedral restraints obtained from the CSI analysisby including methyt-NH and methyt--methyl distance
of 13Ca,, *CB, and*3CO chemical shifts; another, CN, also restraints (Figure 3c). Note that the helices are well-oriented
utilized the additional methyiNH and methyt-methyl with respect to the central sheet and the overall shape of the
NOEs available from our labeling scheme. The combined SH2 domain much more closely resembles that of the
numbers of distance and dihedral angle restraints per residueeference structures (Figure 3d).
in the NN and CN groups are approximately two and four, The improved accuracy of structures utilizing NOEs
respectively. Note that these restraint densities are signifi- involving methyl groups is dramatically illustrated in Figure
cantly below those of first-generation NMR structures (Clore 4 where the average reference structure is superimposed with
& Gronenborn, 1991). In contrast, the reference set of PLCC the average structure determined from NN restraints (a) or
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Ficure 3: Structures of the PLCC SH2. (a) Schematic view showing ordered secondary structure elements identified by Pascal et al.
(1994). Pyruvate-derived methyl groups are shown in a space-filling representation, highlighting their position between tifestergtal

and flankinga-helices. (b) NN group of structures [1.1 distance and 0.7 dihedral restraint(s)/residue]. (¢) CN group of structures [2.7
distance and 0.7 dihedral restraint(s)/residue]. (d) High-precision reference structures, generated using an average of 16.0 distance and 1.7
dihedral angle restraints per residue (S. M. Pascal, A. U. Singer, L. E. Kay & J. D. Forman-Kay, manuscript in preparation). Each bundle
has 18 independently refined structures (thin lines) and is fit to the mean reference structure (thick line) using the backbone atoms of the
secondary structure elements shown in panel a. Panel a is drawn using MOLSCRIPT (Kraulis, 1991); all other figures containing molecular
graphics were generated using MOLMOL (Koradi et al., 1996).

the average structure generated from the CN set of restraintswith respect to the PLCC SH2 reference structure. The
(b). Note that in both cases (NN or CN set of structures) overall shape of the molecule is much more accurately
the @,y) dihedral restraints were included in the manner determined as well, as shown by the better agreement
described above. As already discussed, the NN group ofbetween the radius of gyration of the mean PLCC SH2
structures has a fairly well-defined centyasheet but the  structure Ry = 12.2 A) and that of the CN group of structures
poor definition of the helix/sheet interface results in helices (12.3+ 0.2 A) compared to those of the structures generated
which are distorted beyond recognition in the average from NH—NH restraints only (15.5 0.5 A). The primary
structure (Figure 4a). In contrast, the average structure fromgoal of a structure determination should be to produce an
the CN set of restraints superimposes quite well on the accurate set of structures, as opposed to a precise set.
average reference structure, with an rmsd value of 2.03 A Inaccuracies lead to incorrect conclusions that may not be
for the backbone atoms in all secondary structure elementsrealized until correct data are available, while imprecision
as defined in the Table 2 legend (Figure 4b). The primary should somewhat more innocuously prevent conclusions from
differences between the two structures depicted in Figure being reached in the first place. This principle is emphasized
4b are localized to loop regions connecting secondary by the utility of structures and models produced from
structure elements. inherently lower-resolution structural methods (e.g. electron
The improvements in precision and accuracy of structures diffraction) that may not have the precision of crystallo-
generated with the inclusion of methyl NOEs are quantitated graphically or NMR-determined structures but can still
in Table 2. The precision of PLCC SH2 structures is provide useful insight into biological function if they are
significantly improved upon the addition of the methyl  accurate.
NH and methyt-methyl distance restraints; the rmsd among  As noted above, the NOE-based distance restraints have
the CN group members is approximately 1.5 times smaller been supplemented in these structure calculations with
than among NN members. As seen in Figures 3 and 4, therestraints on the andy backbone dihedral angles obtained
ordered secondary structure elements are far more easilyby CSl-based identification of secondary structure elements.
recognized as a result of this improvement. More important, The influence of dihedral angle restraints on the precision
though, is the dramatically improved accuracy. A compari- and accuracy of these structures was determined by calculat-
son of the structures from the NN and CN groups shows aning a set of PLCC SH2 structures using the CN group of
approximate 2.5-fold improvement in the backbone rmsd NOE restraints without any dihedral angle restraints. Omit-
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a. case scenario where the increasing peak overlap of larger

systems does not affect the percentage of assignable NOEs.
We are currently developing further biosynthetic strategies
coupled with NMR methodology to address problems of
assignment of NOEs arising from overlap in spectra of large
proteins.

As discussed above, the low density of restraints (ap-
proximately two to four restraints/residue) leads to structures
which are highly influenced by the presence or absence of
small numbers of long-range restraints. With the inclusion
of structures from these different restraint sets, the quality
of the structures determined by this method can be evaluated
without unfairly biasing the results toward or away from any
one set of randomly selected restraints. Backbone dihedral
angle restraints were included in the calculations by using
all residues identified in each crystal structure as residing in
an a-helix or -sheet conformation and assignipgandy
ranges to each dihedral angle as discussed above. In an
experimental NMR structure determination of a highly
deuterated protein, this information can be derived from the
13C CSl approach, as indicated above for the PLCC SH2. A
recent statistical evaluation of the efficiency'#€ CSl-based
secondary structure identification (Lugiitiduet al., 1995)
suggests that this method will only identify approximately
50% of 8-strand and 75% af-helical residues; a variety of
methods could be used to complement this approach to obtain
FIGURE 4: Accuracy of PLCC SH2 average structures determined @ more complete assignment, including the analysis of

using either the NN or CN distance restraint sets. (a) Overlay of sequential NH-NH NOE intensities, amid&H—2H exchange
the average structure of the 18 NN group structures (thick gray (gtes and scalar coupling constants.

line) with the average of the 18 high-precision reference structures . . .
(thin black line) (S. M. Pascal, A. U. Singer, L. E. Kay & J. D. As anticipated from the PLCC SH2 case, the incorporation

Forman-Kay, manuscript in preparation). A 6.91 A rmsd between Of additional distance information in these structure deter-
the average structures of the NN and high-precision reference setaminations significantly improves the precision and accuracy
of data is calculated considering the backbone atoms of residuesof the resulting structures. The metmNH and methyt-

in secondary structure elements (as defined in the Table 2 'egend)'methyl distance information provides a 1.4-fold increase in
(b) Overlay of the average structure of the 18 CN group structures h b f di . ilabl he—NH
(thick gray line) with the average high-precision reference structure te number o Istance _res_tr_alnts available over t
(thin black line). The rmsd of backbone atoms in secondary structure NH list alone and more significantly often provides connec-
elements is 2.03 A. Structures were aligned by minimizing the rmsd tivities between residues that are well separated in primary

between backbone atoms in residues-100 and are shown from  strycture. With the inclusion of this additional information,
the same perspective as Figure 3. the accuracy and precision of the CN class of structures are
ting the dihedral restraints leads to a slight decrease in theboth at least a factor of 2.5-fold improved over the corre-
precision of residues identified by CSI to be in secondary sponding NN class for each of the proteins studied. It is
structural elements (Table 2), although the precision of noteworthy that the radii of gyratiorRf) of the CN class of
residues 16100 in the domain was not affected. However, structures and the corresponding crystal structures used in
the accuracy was more strongly dependent on the inclusioneach determination are within error while tRg values of
of the CSl-derivedp andy restraints, as indicated in Table the NN structures are up to 40% larger (data not shown).
2. This general trend of under-restrained systems having
Structure Determinations of Larger Proteins Based on expanded volumes appears to be a product of the structure
Simulated Restraint Data SetJ.0 determine the potential  determination process when an insufficient number of long-
of NH—NH, methyNH, and methyt-methyl NOE re- range restraints are used, suggesting that monitoring the
straints in determining global folds of larger proteins with degree of packing of structures during a de novo determi-
different secondary structure compositions, we generatednation may offer an independent assessment of the accuracy
structures of six other proteins from simulated distance and of these structures.
dihedral angle restraint sets (Table 3). The proteins are all On the basis of the six proteins examined, it is apparent
monomeric and display an array of different structural that both secondary structure content and topology play
topologies. The restraint tables were created on the basissignificant roles in determining the quality of the structures
of the amount and precision of data experimentally obtained that can be obtained from the limited class of NOEs that we
from the studies of the PLCC SH2. The distance restraints are considering. This is especially evident with the two
used were generated on the basis of the distance- and typehighly helical systems (1gmf and 1fps); structures in the NN
dependent (i.e. NHNH, methyNH, and methyt-methyl) class, lacking the longer-range methyl-based distance re
frequency of observation of the particular class of NOE seen straints, are comprised of highly extended sets of helices.
in experimental data sets recorded on ffN, °C, ?H This is likely due to the long distances between NH protons
(methyl-protonated) PLCC SH2 (Figure 1), with five dif- on adjacent helices (minimum separation of approximately
ferent sets of distance restraints randomly generated for eacté A) and the fact that helices often cross each other at fairly
protein. Note that this approach effectively considers a bestsharp angles, further reducing the pairs of NH protons that
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Table 2: Precision and Accuracy of PLCC SH2 Structures Generated with Different Amounts of Restraint Inférmation

precision (A) accuracy (A) Ry (&)
residues 16100 2 (all) 2° (CSl) residues 16100 2 (all) 2° (CSl) residues 16100
reference (1874/197) 0.66+ 0.11 0.48+ 0.08 0.41+ 0.07 na na na 122 0.1
CN (287/72) 2.870.45 2.36+£0.45 1.88+0.44 4.13+0.71 3.08+£0.40 2.50+0.35 12.3+ 0.2
CN, no dihedrals (287/0) 2.8¢0.48 252+ 045 2.18+0.47 4.44+ 0.56 3.65+ 0.43 3.26+0.51 12.3: 0.2
NN (112/72) 3.78+ 0.52 3.53+£0.50 3.32+0.55 8.32+ 0.69 7.74+£0.75 6.77£1.01 155+ 0.5

a All statistics were generated by rms fitting of backbone (N, C, anjl @oms of specified regions of 18 independently generated structures to
the appropriate target (precision, mean structure of 18; accuracy, mean structure of reference group). The CN and NN sets of structures had an
average of 1.0 NOE restraint violated by 0.5 A and 0.2 experimental dihedral restraint violated Bg&ions outside of residues-2000 did not
adopt any stable structure in previous studies (Pascal et al., 1994). Secondary structure regions are defined as theddfielicialgands-strand
regions [all, residues H13, 17-28, 34-38, 45-51, 54-63, 66-69, 72-74, 7787, 97, and 98; from Pascal et al. (1994)] (CSlI, residues2E
34—37, 45-50, 54-63, 66-69, and 7780; from this work). The accuracy statistics are not given for the reference structures as the accuracy is
defined relative to the mean reference structure. The radius of gyr&ipmés calculated for the €atoms of residues 0100 using X-PLOR
(Briinger, 1992)° Each group of structures is identified by the types of restraints being used (number of distance restraints/number of dihedral
restraints).

Table 3: Precision and Accuracy of Structures Determined from Simulated Restraints

structure class %Jp molecular mass (kDa) precision (A) accuracy (A)
1gmf ot+p 50/7 13.6 3.92+1.109.11+ 2.23 4.46+ 1.5313.73+1.91
1stn o+p 23/27 155 2.16+0.316.10+ 1.73 2.56+ 0.349.23+ 3.44
1xnb B 5/58 20.4 2.91+ 0.364.70+ 0.52 3.64+ 0.387.50+ 1.47
1mua o+p 13/28 28.7 3.54+0.758.67+ 1.66 5.11+ 1.2813.00+ 2.44
1fps a 75/1 40.0 6.18+ 1.4224.96+ 6.66 7.54+ 2.81>40.0
1mpb o 45/16 40.7 2.87+0.6514.91+ 1.90 3.60+ 0.5918.47+ 1.83

a Structures are listed by their PDB reference code, topology class, percent cordehelof andfs-strand, and molecular mass as tabulated by
MOOSE. The topology class is one of the following: all-hely,(all-sheet §), intermixed helix and sheety}), or separated helix and sheet
(a+p). Precision and accuracy are calculated for the backbone N, C, aratdins from all secondary structure elements; this number can be
significantly improved if individual subdomains are considered separately (example, for 1fps, precision of two subdomains independently is 3.18
+ 0.41 A and 5.37 1.68 A for the CN group) or by the omission of a poorly defined secondary element near a terminus (example, for 1mua,
dropping two short N-terminal helices changes precision to 220.32 A and accuracy to 2.72 0.34 A for the CN group). Precision and
accuracy values in bold text are from CN data sets, and values in plain text are from NN sets.

are in spatial proximity. In this case, the approximate cutoff c .
of 5 A that has been observed for NiH NOEs in the
PLCC SH2 and is used in the present analysis is too short
to allow the observation of a sufficient number of NOEs to
orient adjacent helices with respect to each other. These
problems are not significant for the casefe$heets, where
interstrand NH-NH distances are on the ordef ® A and

are easily observed. As such, structures of mia&tiand
all-g8 proteins can be determined to higher accuracy than is
the case for all-helical proteins.

Previous studies have reported that the accuracy and
precision of protein structures generated by NOE distance
restraints will be dependent on molecular mass, with larger
proteins demonstrating worse statistics (Liu et al., 1992). This
is based on the observation that as a function of increasing
protein size the total number of interproton distances grows
roughly as the square of the number of residu¢? While
the number of short-range<g A) restraints increases only
linearly with the number of residuesdN). As such, the Ficure 5: Positions of methyl-protonated side chains within
shorter-range distances represent a progressively smalleftaphylococcal nuclease. The backbone of staphylococcal nuclease

portion of the total distances as the molecular mass increaseq?ﬁé';'e?g rf;c))/mbgcekgglsetagﬁgugtlgrci (}jé?lllgtlj\t/gl}i edur A ew'éﬂ atlhn'g‘

leading to lower precision and accuracy. Our studies indicate oyerlaid on top of this are the Ala/lle/ValiLeu side chains (thin

however that the major determinant in structural precision black lines) of 18 structures generated from simulated distance and
and accuracy is a combination of both the relative amounts dihedral angle restraints. Structures were oriented by aligning the
of ordered secondary structure elements and the topomgybackbone heavy atoms of each structure generated from simulated

g . . data with the analogous atoms in the reference crystal structure
that they adopt. This is demonstrated by differences in the (rmsd= 2.56+ 0.34 A over alla-helical ands-strand residues).

quality of structures obtained from systems of comparable A total of 35 Ala/lle/Val/Leu side chains are shown; an rmsd of
size (e.g. 1gmf/lstn and 1fps/Ampb) and the similarities in 2.33 + 0.95 A between the carbon atoms of these side chains

quality between systems of different molecular masses (e.g.derived from the X-ray reference and the NMR-based structures is
1xnb/1mpb). obtained.

An additional benefit from the incorporation of distance of this is shown for staphylococcal nuclease (Figure 5).
restraints to methyl protons is the significant ordering of the Several hydrophobic clusters of these residues can be
side chains of these methyl-containing residues. An exampleidentified, with the Ala, Val, lle, and Leu side chains having
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accuracy comparable to that of the backbone (side chainof distance and dihedral angle information. Several classes
heavy atom rmsd of 2.33 A vs a backbone rmsd of 2.56 A). of information can improve the definition of secondary
The meany; accuracy (46) of these residues also shows structure elements, including explicit hydrogen bond re-
that these side chains are in the correct rotameric state. Thisstraints and tighter bounds on backbone dihedral restraints
level of determination of side chain conformation may established through the measurement of heteronuclear and
facilitate efforts to model the locations of more poorly homonuclear scalar couplings (Bax et al., 1994). Similar
defined side chains into the core of these proteins. measurements could also be used to provide side chain angle
Future Prospects.As demonstrated above, the additional restraints, potentially in conjunction with short-range meth-
structural information gained by the incorporation of distance yl—NH NOEs. Several other sites in pyruvate-derived
restraints into protonated methyl groups significantly im- proteins are sufficiently protonated to obtain useful NOEs;
proves the quality of structures generated from experimentalthese include nonexchangeable protons derived from the
or simulated data sets. These additional restraints arepyruvate methyl group via metabolic intermediates (S8r H
obtained without compromising any of the experiments used Asn/Asp H3, GIn/Glu Hy, Arg Hy, and Pro H) as well as
for backbone chemical shift assignment. In the case of the exchangeable protons on side chain NH and §ibups. A
PLCC SH2, 37 methyl sites are protonated to complement suite of NMR experiments has recently been developed to
the 99 backbone NH sites. assign the chemical shifts of these exchangeable protons and
A number of alternative strategies have recently been demonstrated on a highly deuterated sample of the 29 kDa
proposed for the incorporation of protons into highly human carbonic anhydrase protein (Farmer & Venters, 1996).
deuterated proteins. Protonated (and potenti&y; 13C- Finally, data base-oriented approaches that incorporate side
labeled) amino acids, such as lle, Val, and Leu, can be addedchain preferences of conformation and environment (Kusze-
to bacteria grown on minimal f®-based media and deu- wskietal., 1996) could also improve the quality of structures
terated glucose (Crespi et al., 1968; Brodin et al., 1989; Odadetermined from these samples.
et al., 1992; Metzler et al., 1996; Smith et al., 1996). In  In conclusion, we have used experimental and simulated
vivo exchange processes replace the proton with a distance and dihedral restraint sets to demonstrate the quality
deuteron, while the remainder of the side chain remains of structures that are available from NMR analyses of
highly protonated. As such, this approach avoids fractional deuterated, methyl-protonated proteins. As a result of the
deuteration and the accompanying problems with distribu- lower numbers of interproton distance restraints available
tions of chemical shifts from deuterium isotope effects. from these systems, the precision of structures is substantially
Additionally, one can produce samples from different lower than what can be obtained from studies of sméiher
combinations of protonated amino acids; judicious choices 13C, H-labeled proteins. However, the quality of structures
of combinations could help circumvent spectral overlap generated is useful for a wide variety of applications,
problems. Unfortunately, there are several drawbacks to thisincluding topology recognition and guiding site-specific
approach of producing deuterated, residue-protonated pro-mutagenesis experiments. With heteronuclear-filtering tech-
teins. The high level of side chain protonation will com- niques, the complexes of deuterated, methyl-protonated
plicate sequence-specific assignment of methyl groups proteins with small ligands or other proteins can also be
(especially in high-molecular mass proteins) by reducing the obtained, further extending the applicability of this work.
efficiency of methods which utilize scalar-coupled magne-
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