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Abstract: NMR spectroscopy and X-ray crystallography, the two primary experimental methods for protein
structure determination at high resolution, have different advantages and disadvantages in terms of sample
preparation and data collection and analysis. It is therefore of interest to assess their complementarity
when applied to small proteins. Structural genomics/proteomics projects provide an ideal opportunity to
make such comparisons as they generate data in a systematic manner for large enough numbers of proteins
to allow firm conclusions to be drawn. Here we report a comparison for 263 unique proteins screened by
both NMR spectroscopy and X-ray crystallography in our structural proteomics pipeline. Only 21 targets
(8%) were deemed amenable to both methods based on an initial 2D ®N-HSQC NMR spectrum and
optimized crystallization trials. However, the use of both methods in the pipeline increased the total number
of targets amenable to structure determination to 107, with 43 amenable to NMR only and 43 amenable to
X-ray crystallographic methods only. We did not observe a correlation between *N-HSQC spectral quality
and the success of the same protein in crystallization screens. Similar results were found for an independent
set of 159 proteins as reported in the accompanying paper by Snyder et al.* Thus, we conclude that both
methods are highly complementary, and in order to increase the number of proteins suited for structure
determination, we suggest that both methods be used in parallel in screening of all small proteins for structure
determination.

Genomic sequence information is being generated at anfrom a range of organisnf¥dyut no single method is universally
unprecedented rate. Structural proteomics (often called structuralsuccessful. Furthermore, only a fraction of the subset of proteins
genomics) aims to solve the structures of gene products as ahat can be purified in concentrated form yield to structural
means to better understand their functions and the relationshipbiology methodologies.

between sequence, structure, and function. The major bottleneck c v, X all h d NMR N
in the structural proteomics pipeline remains the ability to urrently, A-ray crystaliograpny an SPectroscopy are

generate recombinant proteins in a stable, soluble, and suitablythe twq mqst widely qsed experlmgntal methods for structure
concentrated form for X-ray crystallography and NMR spec- d€termination of proteins. Our previous restit8 showed that
troscopy. Various strategies have been used to improve proteifNMR spectroscopy, despite its protein size limitation, can
solubility such as refolding2variation of fusion tagéscreening ~ cOmplement X-ray crystallography in structural proteomics.
of mutational variant8;”7 and the use of orthologous proteins We have sought to understand and optimize the application
R of these two experimental techniques in large-scale structure
University Health Network.

§ Department of Medical Biophysics and Banting and Best Department determination endeavors. The primary step in each method
of Medical Research, University of Toronto.
'Northeast Structural Genomics Consortium.
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involves protein purification and a subsequent screen for solution used in parallel for initial evaluation of each protein. Thus, the
conditions optimal for data collection (NMR spectroscopy) or number of samples that could be used to validate this approach
crystallization. NMR spectroscopists typically screen a small has now swelled to 263 and although the percentage of the
number of conditions, whereas protein crystallographers com- samples that have been successfully processed by both NMR
monly screen hundreds. and X-ray crystallography is higher than that in the original
The appearance of the initi&iN-HSQC NMR spectrum is  study, the overall conclusions remain the same. This paper
usually a very good indicator of whether the sample is amenable focuses on the comparative analysis of the NMR screening and
to structure determination by NMR spectroscopy. Subsequentcrystallization trial results of structural proteomics targets
steps in the “NMR pipeline” focus on data acquisition and obtained as of April 2005.
analysis of samples with a high likelihood of yielding a structure
and usually take anywhere between 1 and 6 months in most
structural genomics contexts. X-ray crystallography, on the other Al target genes were subcloned from genomic DNA into a pET-
hand, usually requires substantial investment of time after initial derived vector with N-terminal hexa-histidine followed by either a
crystallization conditions are established in order to optimize thrombin or TEV protease cleavage site. All proteins were expressed
the diffraction properties of a crystal. This process can take in E. colistrain BL21-(Gold DE3), and in the case of the archaeal and
weeks to months, but once a well-diffracting2.5A) crystal eukaryote proteins the cells were cotransformed with a plasmid (pMgk)
is obtained, and an anomalous scattering atom is incorporated enceding three transfer RNAs for rae coli codons®
the structure determination can proceed very quickly, within _ NMR Screening Cells were grown in eithel L of M9 or 0.5 L of
hours for some datasets of very high-resolution crydfals. 2X M9 minimal medmr_n contalnlhgsN_H4CI as th(_a sple nitrogen source
Advances have been made in both fields in order to minimize and supplemented with Zn£lthiamine, and biotin. The cells were

th fi . ¢ t h th f id dat grown at 37°C to an OD600 of 0.6 or 1.0, respectively, and protein
ese Ume investments, such as the use of more rapid da aexpression was induced with 1 mM isopropy! bet#liogalactoside.

Materials and Methods

i ako-14 B 17
collection _Str:‘_tzeog'eg‘% automated data analysis,'’ nano-  The temperature was reduced to°L5 and the cells were allowed to
tec_hnologleé, and th_e use of empirical correlations in order  grow overnight before harvesting. Frozen cell pellets were thawed in
to increase the crystallization success Fate. 500 mM NaCl, 20 mM Tris, 5 mM imidazole (pH 8) and lysed by

Thus, both fields are evolving rapidly, leading to the dilemma sonication. The proteins were extracted from the lysates by batch Ni
of whether one method should be used as the primary structuralaffinity chromatography (Qiagen). TheNiaffinity beads were washed
strategy for small proteins, and the other a secondary method3 imes with 5 column volumes of 500 mM NaCl, 20 mM Tris, 30
(for example if both methods yield structures of the same mM imidazole (pH 8), and the proteins were eluted with 5 column

roteins), or should both methods be used simultaneousl (forvolumes of 500 mM imidazole in this same buffer. The purified proteins
Example, if most small proteins “yield” to only one techniq)ije were concentrated, and buffer was exchanged by ultrafiltration and

. . . dilution/reconcentration. The NMR screening buffer was among the
but not both). To address this question, in 2002 we performed following: (a) 25 MM NaPQs, pH 6.5, 450 mM NaCl; (b) 10 mM

a Iimited_study_ of 23 pair§ dE. coli an_dT. maritimaorthologous MOPS, pH 6.5, 450 mM NaCl; or (c) 10 mM NaAc, pH 5.0, 300 mM
targets in which 46 unique proteins were screened by both NacCl. All NMR buffers contain~20 uM Zr#*, 10 mM DTT, 1 mM
methods? The results indicated that the two methods are highly benzamidine, Ix inhibitor mixture (Roche Molecular Biochemicals),
complementary with limited redundancy. Thus, to increase the 0.01% NaN. For targets with a theoretical pl in the range of 6.0 to
number of structural samples from a given set of protein targets, 7.0, buffer (c) was used (pH 5.0); otherwise a pH 6.5 buffer was the
both methodologies should be used in pardllELrthermore, ~ generic NMR buffer. _
the study showed that NMR was not a good predictor of the  All *H—**N heteronuclear single quantum coherence (HSQC) spectra
protein sample’s behavior in crystallization trials, while failing Were acquired at 23C by using a Varian INOVA 500- or 600-MHz
to generate a crystal “hit” in the initial crystallization screen spectrome_ter oraBrukerAvgnceSOO. The total_numbarlnttements _
had no correlation with NMR behavior of a protein. The results was 64, with 8-64 scans per increment depending on the concentration
e . AT of the sample being screened. The data were processed by using the
from this limited study prompted us to modify our pipeline for

) o . NMRPIPE software package for those acquired from the Varian
small proteins so that both NMR and crystallization trials are jsgryments and XWINNMR for those acquired from a Bruker

instrument.
83 wimor'szézTy%rng:QiCkTP jégmﬁl.or‘(lvfnkﬁzzc?&ug%jrﬁgg(igbsms_mm' The HSQC spectra were classified into categories according to their

(13) Snell, G.; Cork, C.; Nordmeyer, R.; Cornell, E.; Meigs, G.; Yegian, D.; suitability for NMR structure determination. The “good” HSQC spectra

%%ewcv J.; Jin, J.; Stevens, R. C.; EarnestSfucture2004 12, 537- are indicative of folded proteins and contained well-dispersed peaks
(14) Leslie, A. G.; Powell, H. R.; Winter, G.; Svensson, O.; Spruce, D.; Of roughly equal intensity and roughly the expected number of amide
gcstwggg%)é, §8 Ll%vz‘ii—Dl's;azKénder' S.; Duke, E.; NaveACta Crystallogr., NH peaks. These spectra suggested that the process of determining
ect. , . . . . X .
(15) Gronwald, W. Kalbitzer, H. RProg. Nucl. Magn. Reson. Spectro2604 their three-_dl.mensmnal structures should be relatively straightforward.
44, 33-96. The “promising” spectra had features such as too few<80% of
8% L‘;g’;"'gefﬁz'!'- dCe-'\é‘rﬂ;g?fdsREfE}’";gEgﬁgm3s74j 2%*_3;;3””“ \StScture expected) or too many~(>110% expected) peaks and/or broad but
2004 12, 1753-1761. T ' dispersed signals. These proteins appeared to be folded, but the spectra
(18) Kuil, M. E.; Bodenstaff, E. R.; Hoedemaeker, F. J.; Abrahams, BnByme suggested that optimization of either the protein construct or the solution

(19) l\é:)c(;ggé;%chgéI'%?Oﬁoi%ezrggggsf. F 3 Kuil M. E- de Vrind. H. p. conditions would be needed to yield a sample appropriate for NMR

Abrahams, J. PActa Crystallogr., Sect. 2002 58, 1901-1906. structure determination. The “poor” spectra had very low signal-to-

(20) Santarsiero, B. D.; Yegian, D. T.; Lee, C. C.; Spraggon, G.; Gu, J.; Scheibe, ; i in i i
D.: Uber. D. C.; Comell. E. W.: Nordmeyer. R, A- Kolbe. W. F.: Jin, 3. noise relative to the amoun_t of protein in the sample, and/gr a single
Jones, A. L.; Jaklevic, J. M.; Schultz, P. G.; Stevens, RJCAppl. cluster of very broad peaks in the center of the spectrum. This category
Crystallogr. 2002, 35, 278-281. ] ) likely includes proteins that form soluble large entities under the NMR
(21) Kimber, M.; Vallee, F.; Houston, S.; Necakov, S.; Skarina, T.; Evdokimova,
E.; Beasley, S.; Christendat, D.; Savchenko, A.; Arrowsmith, C. H.; Vedadi,
M.; Gerstein, M.; Edwards, A. MProteins2003 51, 562—568. (23) Baca, A. M.; Hol, W. Glint. J. Parasitol.200Q 30, 113-118 and references
(22) Kantardjieff, K. A.; Rupp, BBioinformatics2004 20, 2162-2168. therein.
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Table 1. Results of the NMR and Crystallographic Screening of 263 Small Proteins?

number of structures solved structures
targets with by crystallographic solved by NMR
HSQC number of initial crystal hits crystallography® “work stopped” NMR? “work stopped”
category targets (%) (%) (%) (%) (%)
good 64 21 (32.8) 3(4.7) 11 (17.2) 8 (12.5) 26 (41)
promising 33 6 (18.2) 3(9.1) 2(6.1) fi/a n/a
poor 128 33(25.8) 14 (10.9) 10 (7.8) n/a n/a
unfolded 3 0(0) 0(0) 0(0) n/a n/a
limited solubility 35 4(11.4) 2(5.7) 1(2.8) n/a n/a

apPercentage is calculated relative to the number of targets from each catefbeyPDB accession numbers are summarized in Table 2 (Supporting
Information).¢ These targets are not suitable for structure determination by NMR

screening conditions such as higher order oligomers (tetramers or largerjabout half of these (2017) yielding soluble protein. A total of
or nonspecific aggregates, or proteins that are undergoing conforma-1175 were screened by crystallography, and 1105, by NMR.
tional fluctuations in the intermediate range of the NMR time scale. Of these, 263 targets have been screened by both NMR
This category is not readily amenable tq NMR structural anal)_/sis._The spectroscopy and X-ray crystallography, with sizes ranging from
“L.meIdgd" HSQC category d'Sp.IayEd Intense peaks .bUt with _“ttle 44 to 379 residues. These proteins were classified by NMR as
dispersion in the amid& dimension, most likely reflecting proteins follows: good (24.3%), promising (12.5%), poor (48.7%),

that were soluble yet largely disordered. The “limited solubility” Lo . L
category includes spectra for which no HSQC signal was observed aﬂergnfOIded (1.1%), and 13.3% had limited expression or solubility

64 scans on a conventional probe or 32 scans on a low-temperaturd’ the NMR screening buffer (Table 1). Figure 1 shows
probe. This represents targets that have very low expression or that€xamples of our HSQC classifications.
have poor solubility in the NMR screening buffer. All of our NMR and crystallography data are collated under
Crystal Screening Large-scale expression of recombinant proteins  a common database. In our current laboratory procedures, all
was performed by growing cellmil L of LB with appropriate small targets are screened by NMR regardless of initial crystal
antibiotics in_ either a 6-L flask or a custom-baffled 4-L flask. The screening results. Those that give good HSQC spectra are posted
sample was induced at an ODE00 of 888 with 0.4 mM IPTG after - ¢ spectroscopists to select for structure determination. Al
growth at 37°C and grown overnight at 15C. The harvested cel targets that give initial crystal hits are pursued for crystal

pellet was resuspended into 40 mL with binding buffer, supplemented - e
with 1 mM each of PMSF and benzamidine, flash-frozen in liquid optimization, regardless of the HSQC classification. When an

nitrogen, and stored at70°C. The purification procedure used buffers NMR spectroscopist has selected a target for structure deter-

containing 50 mM HEPES pH 7.5, 500 mM NaCl, 5% glycerol, and mination, then crystal optimization work is stopped. A decision
5, 30, and 250 mM imidazole for the binding, wash, and elution buffers, t0 “stop work” for both methods is made when a structure of

respectively. The harvested cells were lysed by adding 0.5% Nonidet the protein or an ortholog of the protein is deposited in the PDB.
P-40 to the thawed sample before sonication. The lysate was passed \yell dispersedH and?5N resonances in an HSQC spectrum
by gravity through a DES52 column in series with a?Nicolumn. are a good indication that the protein adopts a globular fold
Contaminating proteins were removed by washing th& Nblumn and is tumbling freely and isotropically in a given NMR

with 50 column volumes of wash buffer. The bound protein was . e
removed with elution buffer as qualitatively determined by the Bradford Screehlng buffer..A.Ithough th? HSQC cla.ss[flca.tlon is currently
a subjective decision, there is a clear distinction between the

assay. The sample was then brought to a final concentration of 0.5 ’ . N M o
mM EDTA, followed by the addition of a final concentration of 0.5 good” and the “poor” HSQC category. The “promising

mM DTT. The His-tag was removed by cleavage with recombinant Category is a “gray” area between these two categories and may
His-tagged TEV protease (60g TEV/mg recombinant protein) or ~ have features of both.

thrombin. The cleavage step was done concurrently with dialysis in  Of the 64 targets with good HSQC spectra, only 21 showed

binding buffer without imidazole at 4C overnight. The cut His tag positive crystal screen results. So far, 3 have been solved by
and His-tagged TEV protease were removed from the purified x_ray crystallography, 2 have been “claimed” and subsequently
mple was prepated o crystaization screening by a second dalysis 01Ved BY NMR, and work was stopped for 11 targets due to

samp : significant homology to structures recently deposited in the PDB.

in 10 mM HEPES, pH 7.5, 500 mM NaCl, followed by concentration The remaining 5 targets are still in the crystal optimization

using ultrafiltration. - . .
Proteins that can be concentrated to at least 3 mg/mL were subjecteo\OIpeIIne and also on the list of good HSQC samples available

to a sparse-matrix crystallization screen consisting of at least 96 fOr NMR analysis. Qf the remaining 43 “good HSQC" targets
conditiong! at room temperature and/or at 4C. that did not crystallize, NMR structures have been solved for

6, and 14 now have homologues in the PDB and will likely not
be pursued further.

Since inception, our group at the Ontario Centre for Structural ~ Almost half of the targets we screened for NMR spectroscopy
Proteomics has included both NMR spectroscopy and X-ray gave poor HSQC spectra. These proteins have good solubility
crystallography in our structural proteomics pipeline. Initially, in the NMR screening buffer, but they showed very poor
we divided the targets according to protein size whereby smaller dispersion in the HSQC spectra and the signals are very broad.
proteins go solely through the NMR spectroscopy pipeline and The NMR spectral line width is highly dependent on the
the rest go through the X-ray crystallography pipeline. Over molecule’s tumbling rate in solution and therefore on its
time, we have modified our pipeline so that all small proteins molecular weight. So a protein exhibiting a poor HSQC could
are screened by both methods. As of April 2005, our group has suggest that the protein is forming a higher molecular weight
attempted to purify over 3970 unique protein constructs, with entity in a given buffer. These higher molecular weight entities

Results and Discussion

16514 J. AM. CHEM. SOC. = VOL. 127, NO. 47, 2005
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Figure 1. Sample!H—1N-HSQC spectra of different classifications: (a) Good. This target failed to give any initial crystal hits, and the structure was
solved by NMR spectroscopy, PDB_ID 1LV3. (b) Good. This target had an initial crystal hit, but the structure was solved by NMR spectroscopy, PDB_id
1LKN. (c) Promising. This structure was solved by X-ray crystallography, PDB_id 1QW2. (d) Poor. This structure was solved by X-ray crystallography,
PDB_id 1PBJ. (e) Unfolded. This target failed to give initial crystal hits. Xkexis shows théH chemical shift (ppm), and thg-axis shows thé>N

chemical shift (ppm).

could be in the form of nonspecific aggregates or discrete higher
order homo-oligomers. Resonance line broadening and conse-
quent poor sensitivity can also be due to dynamic properties of
proteins that are fluctuating between multiple conformations at
an intermediate rate on the chemical shift time scale. Unfortu- 2 4
nately, ¥>N-HSQC spectra alone cannot distinguish between 4
these different situations. 1
Initial crystal screens showed 33 positive crystal hits from ]I | I l
the “poor” HSQC class, and out of these, 14 targets were 0 A
optimized and, subsequently, structures were solved. Optimiza- 10 20 30 40 50 60 70 80 90 100 120
tion of 10 targets was stopped because a homologue was Apparent oligomeric molecular weight (kDa)
deposited in the PDB. Figure 2. Apparent size of the proteins screened by NMR spectroscopy
In the promising HSQC category, 18% of the targets gave but for which structures were solved by X-ray crystallography. (Green)

A - - Those that gave good HSQC spectra; (yellow) gave promising HSQC
0,
initial crystal hits and so far 9% of the targets were refined and spectra; (red) those that gave poor HSQC spectra; and (blue) those that

structures were solved by X-ray crystallography. had limited solubility in the NMR screening buffer. The apparent oligomeric
A possible explanation for poor quality spectra of proteins molecular weight was the product of the monomeric molecular weight and

; ; ; ine the apparent oligomeric state as observed in the crystal, based on the
that yielded well diffracting crystals could be that these proteins biological unit suggested in the PDB deposition. For those structures in

are oligomeric. However, examination of the apparent oligo- yhich no remark on the biological unit was mentioned in the PDB
meric states of the proteins solved by crystallography suggestsdeposition, the oligomerization state was based on the number of chains in
that the slow tumbling and consequent broadened line widths the crystallographic asymmetric unit.

of homo-oligomers can only account for a subset of the poor of up to~40 kDa can still be identified as good or promising
HSQC spectra (Figure 2). We estimate that symmetric oligomers using conventional (non-TROSY) HSQC spectra, although their

Mumber of occurence

J. AM. CHEM. SOC. = VOL. 127, NO. 47, 2005 16515
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structure determination would require partial and/or selective
deuteratior??

No crystal hits were observed for the unfolded HSQC
category. Collectively, 164 targets were deemed unsolvable by
NMR, but 39 of these gave crystal hits and are currently being
optimized for crystallization and 17 structures have been
successfully solved by X-ray crystallography. Likewise, if we
were to use only crystallography, we would have missed the
43 targets that gave good HSQC spectra but did not crystallize.

The limited solubility category warrants a separate discussion
because for these targets, under our current NMR screening
protocol, we failed to see sufficient signal intensity to classify
their HSQC. Our choice of NMR buffer to screen the protein is
based on the protein’s theoretically calculated isoelectric point
(ph. It is known that solubility of a protein tends to decrease in
solutions with a pH near its pl. The targets with good, promising,
and poor HSQC spectra had an average pl of 6.3 with only
about 30% having a pl greater than 6.5. Interestingly, the targets
that have limited solubility in the NMR screening buffer have
a higher average pl of 7.49 than the rest of the categories with
68% having a pl greater than 6.5. Figure 3 shows plots of the
target’s theoretical pl for the different categories for comparison.

The soluble targets included in this study were screened in a
single NMR buffer condition as compared with at least 96 initial
crystallization buffer conditions with pH values between 3.5
and 8.5. It is interesting to note that, for the targets that had
good HSQC spectra and for which we have detailed crystal-
lization records, only half of the crystallization conditions had
a pH close to that of the NMR buffer. These data suggest that
the conditions that favor good HSQC spectra are not necessarily
related to those that promote crystal formation. This can be
rationalized by the fact that good HSQC spectra require that
proteins are not associated with one another (except for stable
oligomers) and are tumbling isotropically, while crystallization
requires highly ordered self-association. It stands to reason that
solution conditions that favor the former may not be consistent
with the latter.

We also examined all the targets that gave crystal hits, with
respect to their theoretical pl (magenta/yellow data points in
Figure 3 and Table 3, Supporting Information). Similar to the
study of Cavanes et & we find that very few proteins with a
high pl (pl > 10) crystallized. Furthermore, proteins in the pl
range 4-7 were slightly more likely to form crystals-27%)
than those in the pl range—20 (~22%). However, the total
number of proteins in the higher pl ranges is small, and these
differences may not be statistically significant. Our current initial
crystal screening conditions span pH’s between 3.5 and 8.5.
We were able to obtain well diffracting crystals and subsequently
structures for proteins with pl's of 4.4 to 8.8. One of the major
differences between our work and that of Cavanes et al. is that
our data are restricted to small proteins among many organisms,

whereas Cavanes et al. focused on several hundred proteins from

a single thermophilic organism.
NMR spectroscopy and X-ray crystallography are the two

Yee et al.
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methods used within structural proteomics projects. Here we Figure 3. Protein molecular weight and isoelectric point distribution of
show that by using both methodologies in a coordinated fashion the targets in this study as classified according to their NMR HSQC spectra.

it is possible to almost double the number of structures of small

(24) Tugarinov, V.; Hwang, P. M.; Kay, L. EAnnu. Re. Biochem 2004 73,
107-146.

(25) Cavanes, J.; Page, R.; Wilson, |.; Stevensl.Rol. Biol. 2004 344, 977—
991.

16516 J. AM. CHEM. SOC. = VOL. 127, NO. 47, 2005

(a) Good; (b) Promising; (c) Poor; (d) Limited solubility. Those that gave
initial crystal hits are highlighted with magenta, and those that were refined
and structures were solved are highlighted by yellow circles.

proteins that can potentially be solved, compared to either
method alone. Structure determination by X-ray crystallography



Complementary Tools in Structural Proteomics ARTICLES

is faster than that by NMR spectroscopy provided that a well However, only NMR can also be used to obtain high-resolution
diffracting crystal is available. However, screening for conditions structural information. Based on this, we conclude that a
that yield well diffracting crystals is still a trial and error method coordinated, parallel strategy whereby all targets are screened
that takes significant resources. In contrast, screening by HSQCby both 1D and 2D0¥N-HSQC NMR and crystallography will
NMR is quick, and the results are highly indicative of whether provide a more efficient strategy for structure determination of
the solution structure can be determined by NMR. Other small proteins than a tandem strategy whereby NMR or other
biophysical methods such as circular dichroism, dynamic light biophysical methods are used as a prescreen for crystallography
scattering, and one-dimensional NMR have been reported asor vice versa.

tools to prescreen targets for crystallization. Our data and that

of the accompanying pagesuggest that although the HSQC Acknowledgment. We thank all members of the Ontario
spectrum is a good indicator of a protein’s foldedness and its Center for Structural Proteomics for their contributions, cloning,
amenability to NMR structure determination, it is not a good €Xpression, and preparation of the proteins analyzed in this
indicator of a protein’s crystallizability or its ability to be solved ~Paper. We thank G. Montelione and colleagues for sharing drafts
by X-ray diffraction. This result also agrees with the recent data ©f the accompanying manuscript (Snyder et al.) prior to
from a set ofA. thalianatargets in which no correlation was ~Publication. This research was supported by the Ontario
observed between HSQC quality and the results of crystallization Research and Development Challenge Fund; Genome Canada;

the Joint Center for Structural Genomics in which the diffraction Health (P50-GM62413 and GM62414-01) through the Northeast

quality of protein crystals was found to correlate with the Structural Genomics Consortium and Midwest Center for
classification of its one-dimension#i NMR spectrun?’ The Structural Genomics. C.H.A. holds a Canada Research Chair
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