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Abstract: Protein NMR assignments of large proteins using traditional triple resonance techniques
depends on double or triple labeling of samples with 15N, 13C, and 2H. This is not always practical with
proteins that require expression in nonbacterial hosts. Labeling with isotopically labeled versions of
single amino acids (sparse labeling) often is possible; however, resonance assignment then requires
a new strategy. Here a procedure for the assignment of cross-peaks in 15N-1H correlation spectra of
sparsely labeled proteins is presented. It relies on the correlation of proton-deuterium amide exchange
rates in native and denatured spectra of the intact protein, followed by correlation of chemical shifts
in the spectra of the denatured protein with chemical shifts of sequenced peptides derived from the
protein. The procedure is successfully demonstrated on a sample of a protein, Galectin-3, selectively
labeled with 15N at all alanine residues.

Introduction

Structure determination of moderate-sized proteins using
NMR methods has traditionally relied on uniform isotopic
labeling with 15N and 13C.1 As molecular size increases, various
modifications to this labeling strategy have been adopted,
including uniform labeling with 2H to reduce spin relaxation
rates and improve resolution.2 Assignment of the myriad of
cross-peaks that appear in multidimensional spectra is typically
accomplished using triple resonance experiments that pass spin
coherence from one isotopically labeled site to another, and
assignment is followed by the detection and interpretation of
distance dependent nuclear Overhauser effects (NOEs). This
procedure has proven very powerful leading to thousands of
structural depositions in the Protein Data Bank,3 but it is also
limited in several respects. As proteins become large (>40 kDa),
the number of cross-peaks, as well as increased widths of those
cross-peaks, make assignments based on triple resonance
experiments challenging. Also, certain types of proteins (gly-
cosylated proteins, for example) are typically expressed in host
cells where uniform isotopic enrichment can be very expensive
and deuteration can be very detrimental to cell growth. In these
cases, sparse labeling with one or two selected amino acids
provides a means of avoiding these problems, and at the same
time, reducing the number of cross-peaks and limiting assign-
ment options to the selected amino acid types.4-7

Single amino acid labeling can be done easily in Escherichia
coli host cells; however, consideration must be given to control
of metabolic pathways that can cause isotope scrambling.5 While
protein expression itself in eukaryotic hosts requires more effort,
additional complications due to isotope scrambling appear to
be less severe.8-11 However, with successful single amino acid
labeling, a new problem arises in that sequential assignment of
cross-peaks by triple resonance strategies is no longer possible.

In what follows a new approach for the sequential assignment
of cross-peaks in 15N-1H single quantum coherence (HSQC)
spectra will be demonstrated. It is based on correlation of amide
hydrogen exchange rates measured from spectra on the folded
protein with amide exchange rates measured from spectra of
denatured aliquots sampled at various time points during
exchange. Cross-peaks in the latter spectra are found to
superimpose with the single cross-peaks in spectra of isolated
and sequenced peptides producing a sequence-specific assign-
ment for the native protein HSQC spectrum.

While sparse labeling may prohibit the use of NOEs as a
primary source of structural data, it is important to realize that
there are other types of data that can lead to useful structural
models for proteins. Conventional NOE-derived distance con-
straints can be replaced or supplemented with longer range
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distance constraints from paramagnetic perturbations,11-14 and
orientational constraints from residual dipolar couplings (RDCs)
can provide additional useful geometric information.15-17 In
most cases, the derived constraints apply only to backbone
positions and orientations. This is not an issue in cases such as
structure determination of multisubunit or multidomain proteins
where independently determined high-resolution structures for
single subunits or domains might exist. However, for proteins
with previously undetermined structures, producing high resolu-
tion structures will become increasingly dependent on compu-
tational methods for the proper placement of sidechains.
Fortunately, great strides in the computational placement of
sidechains have been made over the past few years.18,19

Therefore, an increased use of sparse labeling and sparse
constraints for structure determination can be envisioned,
particularly if sequence specific assignments of sparsely labeled
cross-peaks can be provided. A move in this direction can have
a great impact on work with large protein assemblies and with
certain classes of proteins such as glycosylated proteins. This
latter class is not insignificant, as more than 50% of human
proteins are, in fact, glycoproteins.20

There have been attempts at sequential assignments of cross-
peaks from sparsely labeled proteins, but those are primarily in
cases where the structure of the labeled protein is known. Given
a structure and a sufficiently large set of measured RDCs,
possible assignments can be permuted, RDCs back-calculated
for each assignment set, and the set with the best agreement
with experiment identified.21-23 For the case where a structure
is not known ahead of time, there is the possibility of pairwise
labeling with one 13C-carbonyl-labeled amino acid and one 15N-
labeled amino acid.24 This introduces a 15N-13C coupling to
cross-peaks where the pair appears sequentially. However, a
new expression must be done for each assignment and the
procedure is, thus, quite laborious.

In an effort to devise a less laborious procedure, our
laboratory has previously explored ways of correlating mass
spectrometry derived sequence information with NMR cross-
peaks positions using amide hydrogen-deuterium exchange
(HDX).25 In these initial studies, the intensity loss in HSQC
cross-peaks from the native protein (as protons are replaced with
deuteriums from solvent) was correlated with the loss of peaks
in spectra of isolated peptides that could be sequenced by mass
spectrometry. Assignment for a single phenylalanine peak in

the small protein Galectin-3 was used to illustrate the procedure.
However, there are extreme demands placed on the procedure
because the protein must be digested, peptides separated, and
NMR spectra collected, all before incorporated deuteriums have
a chance to back-exchange. In the procedure to be illustrated
here the protein digestion and peptide separation steps are moved
to a point where back-exchange is inconsequential. The new
approach uses deuterium exchange only to correlate cross-peaks
in native and denatured spectra; the cross-peaks in the denatured
spectra are subsequently assigned by chemical shift correlation
between cross-peaks from the denatured intact protein and cross-
peaks from the denatured separated peptides. Denaturation can
be very fast, as can collection of spectra on the denatured
aliquots. The subsequent correlation between chemical shifts
in denatured aliquots and derived peptides is not under any
severe time constraints.

As in previous work, the target chosen to illustrate the
procedure is Galectin-3. This is a 15 kDa carbohydrate-binding
protein; its resonances have been previously assigned using
conventional triple resonance methods. (BioMagResBank ac-
cession no. 4909 and PDB no. 1A3K).26 For the present study,
the protein has been labeled with 15N alanine producing a set
of six HSQC cross-peaks for assignment. Assignments using
the current method are shown to be consistent with previous
assignments, documenting the future applicability to proteins
whose structure cannot be approached with traditional methods.

Experimental Section

Protein Expression and Purification. The plasmid for the
C-terminal carbohydrate binding domain of Galectin-3 was obtained
from Dr. Hakon Leffler at Lund University, Sweden, and inserted
into a pET-9-a vector (Novagen) by heat shock transformation.
Overexpression of the protein was done using E. coli BL21-Gold
(DE3) competent cells (Stratagene) in 1 L of M9 minimal medium
containing NH4Cl and glucose at natural abundance. All 19 amino
acids except for alanine were added as natural abundance materials
at 0.1 g/L of culture, and growth was done in a 250 rpm shaker at
37 °C. At an optical cell density (OD600) ≈ 0.4, 0.3 g of 15N Ala
(Cambridge Isotopes Laboratories) was added to the medium. At
OD600 ≈ 1.1, 1 mL of 1 mM IPTG was added to induce protein
expression. The culture was then grown overnight to OD600λ ≈ 1.8
at 18 °C. The cells were harvested by centrifugation and lysed in
30 mL buffer containing 75 mM KH2PO4, 75 mM NaCl, 5 mM
EDTA, 5 mM DTT, and 5 mM NaN3. One molar NaOH was used
to adjust the pH to 7.1. After centrifugation the supernatant
containing Galectin-3 was loaded onto a lactosyl agarose 1.8 cm
× 11 cm column (Sigma) equilibrated with the phosphate buffer.
The protein was eluted using the phosphate buffer above, but also
containing 300 mM lactose at pH 7.1. The protein yield was ∼50
mg/L. Protein was concentrated using 10 K centricons (Millipore)
and stored in the lactose containing phosphate buffer above. Mass
spectrometric analysis showed that Ala is >90%27 15N labeled in
the protein.

Amide Proton Exchange Measurements on the Native
Protein. A portion of the stored solution containing 13.5 mg of
protein was lyophilized. D2O (477 µL, 99.9%, Cambridge Isotope
Laboratories) was added to the fully protonated dry protein. 1D
15N-filtered HSQC spectra (Varian biopack sequence gNhsqc with
the d1 delay set to 1 s) were acquired in order to map the protein
exchange. Sequential acquisition was done every 4 min 56 s (nt )
256, ss ) 4) beginning at an initial time point 3 min 30 s after
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mixing. In later time points, acquisition spectra where obtained in
a time series with geometrically increasing time delays. NMR data
were acquired using a Varian 900 MHz spectrometer system
equipped with a triple-resonance cold probe and a pulsed field
gradient unit. Data were processed using VnmrJ version 6.1 and
integrated to provide a time-course for loss of intensity in each
cross-peak. The time-resolved intensities for each peak were fit to
the equation, I ) I0 exp(-kext), using an in-house curve-fitting script
(Dr. Yizhou Liu). Errors reported are from a least-squares fit to
this equation. They are similar to deviation of duplicate runs made
on selected samples.

Deuterium Content Measurements on Aliquots of
Denatured Protein. A parallel sample under the same conditions
as above was prepared and incubated in 99.9% D2O. Eleven 53
µL aliquots of partially deuterated protein were sampled following
an approximately geometrically increasing set of time delays as
follows, 1, 16, 32 min, 1, 2, 4, 8, 16, 32, 64, and 128 h. Each
aliquot was placed in an Eppendorf tube and rapidly quenched using
100 µL of a cold acidic deuterated urea solution to produce samples
8.3 M in urea and at pD 3.1 (pD ) pH(meter) + 0.4). These samples
were quickly frozen using liquid nitrogen and stored at -80 °C.

Each quenched aliquot was later thawed and quickly transferred
to a 3 mm NMR tube for analysis using a 600 MHz Varian
spectrometer system equipped with a 3 mm cold probe. 2D pulsed
field gradient 15N-filtered HSQC spectra (Varian biopack sequence
gNhsqc) were acquired over 3 min 39 s (nt ) 2, ss ) 2, ni ) 32).
The data were processed with NMRPipe, and cross-peak volumes
integrated in NMRDraw to quantitate the deuterium content of each
15N alanine residue in each aliquot sampling point. The time-
resolved intensities for each peak were fit to the same exchange
equation as used for the native protein.

Spectral Analysis of Digested Protein. A 1.5 mg sample of
Galectin-3 was lyophilized, then dissolved in 900 µL of 50 mM
ammonium bicarbonate at pH 8. Sequencing grade modified trypsin
(20 µg, Promega) was also dissolved in 300 µL of 50 mM
ammonium bicarbonate. The trypsin solution was added to the
protein sample such that the final volume was 1.5 mL, making a
protease to protein ratio of 1:25. The protein enzyme solution was
incubated overnight at 37 °C. The peptides in the digested protein
sample were separated by HPLC on a C18 column (Agilent
Technologies, 4.6 mm × 150 mm 5 µm, 300 Å) using a gradient
running from 95% buffer A (0.1% TFA in H2O) and 5% buffer B
(0.1% TFA in ACN) to 60% buffer B, at a flow rate of 1 mL/min
over 25 min.

The fractions collected were analyzed by MALDI/TOF mass
spectrometry. R-Cyano-4-hydroxycinnamic acid (Sigma Aldrich)
was used as the MALDI matrix on a 4700 Proteomics Analyzer
(Applied Biosystems) using a mass range of 560-4000 Da, and a
laser intensity of 5000. Analysis of 15N content was done using
the 4700 Data Explorer program and ISOTOPICA27 by comparing

isotopomer profiles of labeled peptides to those for previously
analyzed unlabeled peptides. Previous identification of unlabeled
tryptic fragments was done using the PROWL28 ProteinInfo search
engine.

The HPLC fractions containing 15N-labeled peptides were
lyophilized to remove the HPLC solvents, and each fraction was
dissolved back into solution using 140 µL of 8 M protonated urea
at pH 2.4. 2D pulsed-field gradient 15N-1H HSQC spectra were
acquired as in the denatured protein to map the chemical shifts of
each identified peptide to cross-peaks of the denatured protein.

Results

Amide Proton Exchange Measurements in the Native
Protein. The initial step in the assignment procedure involves
monitoring deuterium incorporation as a function of time into
a natively folded, fully protonated, 15N sparsely labeled protein.
This is normally accomplished using a time series of 2D HSQC
spectra but can also be done using 1D 15N-filtered spectra if
resolution is adequate. Figure 1a shows an HSQC spectrum of
Galectin-3 labeled with 15N at all alanine sites. The peaks are
arbitrarily labeled A1-A6. The sample was lyophilized and at
zero time redissolved in an equivalent amount of 2H2O. Figure
1b shows a time course of 1D 15N-filtered spectra undergoing
exchange at pH 7.1 and 25 °C, running from 7 min to 22 h. At
the earliest point two sites are already fully exchanged and peaks
A4 and A6 are not observed. The remaining peaks disappear
with vastly different exchange rates. Peak A1 retains more than
half its intensity even at 22 h. The exchange rates of each of
the residues are obtained by fitting the equation, I ) I0

exp(-kext), to peak areas as a function of time.
The resulting rate constants are reported in column 2 of Table

1, along with constants derived from data collected on samples
at pH 5.8 and 15 °C to allow measurement of rates for peaks
A4 and A6. Additional spectra were also collected at pH 8.2
and 25 °C to distinguish exchange rates for A2 and A3 that
exchange at a fairly similar rate at pH 7.1.

Amide Proton Exchange in the Denatured Protein. The
second step in the procedure involves collection of a similar
time course from HSQC spectra of aliquots pulled from an
exchanging sample and quickly denatured before observation.
The conditions of the exchanging sample approximate those
described above (0.6 mM protein in 75 mM phosphate buffer,
pH 7.1, 25 °C). 53 µL aliquots were transferred to Eppendorf
tubes, diluted with 100 µL of cold 12.8 M urea in 2H2O at pD

(28) Beavis, R.; Fenyo, D Curr. Protoc. Bioinf. 2004, 13, 132.

Figure 1. 900 MHz spectra of 15N Ala Galectin-3; ∼0.8 mM, pH 7.1, 25 °C. (a) 2D HSQC spectrum of fully protonated protein with all six Ala residues
labeled. (b) 1D HSQC exchange spectra of folded 15N Ala Galectin-3, showing deuterium incorporation as a function of time.
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3.1 and quickly frozen for later analysis. After thawing aliquots
were transferred to 3 mm NMR tubes and fast HSQC spectra
were collected (∼2 min preparation time and 3 min acquisition
time). Examples of the resulting HSQC spectra are shown in
Figure 2. The dispersion of the cross-peaks is much less than
in the native protein, but the resonances are much sharper. All
resonances are resolved and of full intensity at zero time (an
aliquot made from a fully protonated sample). Aliquots pulled
at later times show a progressive loss of peak intensities. Having
these intensities accurately reflect deuterium content at the point
of aliquot extraction required that denaturing be fast and that
exchange under denatured conditions occur in a time long
compared to spectral acquisition times. The former is supported
by observation of a fully denatured spectrum at the first time
point taken. The latter is supported by collecting a series of
HSQCs on a given sample once it is thawed and placed in the
magnet. These show continued exchange to occur with half-
times greater than 30 min for all observed peaks, a time much
greater than that for acquisition of a single spectrum. Exchange
rates were therefore calculated from the first time point for each
of the six Ala residues using the formula given above. These

are reported in column 3 of Table 1. With the exception of one
pair where correlation is ambiguous, it is clear that one can
pair cross-peaks in the denatured spectra with cross-peaks in
the native spectrum based on matching of exchange rates. Peaks
in the zero time denatured spectrum (Figure 2a) have been
labeled on the basis of this correlation.

The third step in the procedure requires correlation of cross-
peaks in the HSQC spectra of denatured aliquots with cross-
peaks in HSQC spectra of isolated and sequenced peptides.
Correlation depends on an assumption that chemical shifts of
labeled alanines in the denatured proteins will depend on only
the local sequence, and hence, chemical shifts of alanines in
isolated peptides of sufficient length will be identical to chemical
shifts of those alanines in the denatured protein. A fully
protonated aliquot of the protein was treated with trypsin, and
peptides were isolated by elution on an HPLC column. The
peptides in the fractions were identified by mass spectrometry
and three fractions containing peptides having alanines more
than two residues from the peptide ends were selected for
analysis. HSQC spectra of these peptides were run under the
same denaturing conditions as the intact protein. Spectra are

Table 1. Exchange Rates Obtained from Plotting the HSQC Intensities versus Timea

cross-peak
number kex native samples (s-1) kex denatured samples (s-1) MS-based peptide identity triple resonance

assignment

A1 <3.8 × 10-7 <3.8 × 10-7 VA212VNDA216HLLQYNHR A212

A2 6.5 × 10-6 ( 3.0 × 10-7 7.0 × 10-6 ( 4.9 × 10-6 GNDVA156FHFNPR A156

A3 8.4 × 10-6 ( 1.6 × 10-6 8.7 × 10-6 ( 4.7 × 10-7 IA146LDFQRe A146

A4 3.1 × 10-2 ( 3.0 × 10-3b 1.0 × 10-2 LGISGDIDLTSA245SYTMICc A245
d

A5 1.0 × 10-3 ( 1.4 × 10-4 1.3 × 10-3 ( 3.4 × 10-5 VA212VNDA216HLLQYNHRe A216

A6 3.0 × 10-2 ( 4.0 × 10-3b 1.0 × 10-2 MLITILGTVKPNA142NR A142
d

a Exchange data were collected at pH 7.1, 25 °C except as noted. Errors are standard deviations taken from best fits to time course data. b Exchange
data were collected for these residues at pH 5.8, 15 °C, but scaled by a factor of 13 to correct for the 10-fold change in the exchange rates with each
pH unit. c Peptide not found by mass spectrometry after HPLC analysis but predicted for cleavage by trypsin. d Ambiguous assignments because of
similar rates. e Ambiguous assignments because of end-group effects.

Figure 2. Fully protonated denatured 15N Ala Galectin-3 (a) and partially deuterated 15N Ala Galectin-3 (b-f). The HSQC spectra were acquired in
a 600 MHz spectrometer at 5 °C in ∼8 M protonated urea at pH 2.4 (a) and pD 3.1 (b-f), respectively. The small offsets apparent in the proton
dimension between the fully protonated sample (a) and the exchanging spectra (b-f) may arise from differences in lock frequencies for HDO (10%
D2O) vs D2O (∼100% D2O).
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shown in panels a, b, and c of Figure 3. The peaks closely
superimpose on three peaks of the denatured protein as displayed
in Figure 2. The labels, (A2, A5, and A6/4) have been
transferred on that basis. The spectrum in Figure 3c has two
peaks corresponding to the two alanines in its sequence. The
second peak (8.45 ppm × 128.4 ppm) does not overlap with
any peak in the spectrum of the denatured protein. This clearly
belongs to A212, which is just one amino acid removed from
the N-terminus of the peptide. Such shifts for residues near the
terminus are not unexpected.29,30 Since the peptides are
sequenced we can assign the three peaks A2, A5, and A6/4 to
A156, A216, and A142, respectively. These assignments have been
entered into the fourth column of Table 1, and the assignments
are compared with the earlier triple resonance assignments as
entered in column 5.

Discussion

Table 1 shows that we have been able to uniquely assign
three cross-peaks in the spectrum of the denatured protein to
the three Ala residues, A156, A216, and A142. Differences in amide
proton exchange rates have allowed a unique correlation for
two of these to cross-peaks in the HSQC spectrum of the folded
protein (A2 to A156 and A5 to A216). The third cross-peak, A142,
because of similarities in exchange rates, must be correlated
with either A6 or A4. These assignments agree with those
previously made using triple resonance experiments (A142 is
assigned to A6).26 While there is some ambiguity in assignment,
the effort required for assignment is minimal. Monitoring amide
proton exchange in folded proteins is a high sensitivity
experiment. Analysis of denatured aliquots proceeds with even
higher sensitivity because of the narrower lines and lesser
dispersion of cross-peaks. The digestion of an aliquot, followed
by isolation and analysis of peptides is more time-consuming
but employs methodology frequently used in the mass spec-
trometry community. Most importantly, labeling with selected
amino acids in a variety of hosts is possible and usually
significantly less expensive than uniform labeling with 15N and
13C.

The actual amount of spectrometer time used in the assign-
ment procedure can be very small. For monitoring exchange in
the native protein, 5 min acquisitions over 12 time points would
require just 1 h of spectrometer time, assuming the sample could
be removed from the spectrometer between acquisitions.
Realistically the initial six, more closely spaced, time points

would be taken without removing the sample from the spec-
trometer (3 h) and the remaining six time points would require
some spectrometer setup (30 min × 6 ) 3 h). For analysis of
the denatured aliquots, if we were to use just a single initial
spectrum on each denatured aliquot and conduct exchange at
just one pH, 12 samples, using 3.5 min per acquisition, amount
to just 42 min of collection time. The process of melting
samples, getting them into the spectrometer, and optimizing field
homogeneity, of course takes additional time, but much of this
can be automated (perhaps 2 h total).

In terms of materials, a 0.8 mM (6.3 mg in 500 µL) sample
of Galectin-3 was used for monitoring exchange of the folded
native protein, 1.5 mg was used for the tryptic digest sample,
and 16.5 mg was aliquoted into 11 1.5 mg fractions for the
denatured samples. The total amount of sample used in the
experiments presented was just under 25 mg. However, the
material required can clearly be reduced by a factor of 2. For
the spectra of denatured aliquots one could do with a factor of
2 lower signal-to-noise ratio, and with a 30 min back-exchange
rate one could have signal averaged for 12 min. This would
have reduced total sample requirements to about 12 mg. More
efficient spectral acquisition procedures, for example, Hadamard
HSQCs31 or new fast recovery HSQC sequences applicable to
the folded protein32 might reduce requirements further. The total
sample requirements could therefore be similar to that used in
typical NMR experiments on proteins.

The application illustrated is to a protein only 15 kDa in
molecular weight. However, on the basis of resolution in the
current spectra, one expects to be able to resolve and assign
cross-peaks from denatured proteins of at least two times the
size. One also expects to be able to differentiate most peaks on
the basis of amide proton exchange rates for similarly sized
proteins. In a folded protein, the distribution of exchange rates
is not only governed by secondary structure effects but also by
the local environment with a reasonably high dependence on
amino acid sequence.33 This results in a considerable variation
of the exchange rates for different sequential sites. Assuming a
protein has a geometrically distributed set of amide proton
exchange half-times, each differing by a factor of 2 and the
whole set ranging from 1 min to 2 weeks, one could differentiate
at least 14 sites. If the 20 amino acids are equally represented
in the sequence, 14 sites correspond to a 280 residue or 31 kDa
protein.

(29) Wang, Y.; Jardetzky, O. J. Am. Chem. Soc. 2002, 124, 14075–84.
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Magn. Reson. B 1995, 108, 94–8.
(33) Bai, Y.; Milne, J. S.; Mayne, L.; Englander, S. W. Proteins 1993, 17,

75–86.

Figure 3. 600 MHz HSQC spectra of isolated, mass spectrometry sequenced, and denatured peptides. Spectra were obtained at 5 °C in 8 M protonated urea,
pH 2.4. (a) 1274 m/z GNDVA156FHFNPR, (b) 1641 m/z MLITILGTVKPNA142NR, (c) 1650 m/z VA212VNDA216HLLQYNHR.
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One of the keys to the success of the procedure described
for Galectin-3 is the similarity of chemical shifts for residues
in the denatured protein and in the derived peptides. The reason
for the lack of similarity in shifts for some of the alanines is
well understood. The labeled sites are too close to the ends of
the peptide in some of the fragments. There are some options
that can remove this limitation in the future. One is simply to
use alternate digestion protocols to obtain fragments where more
sites are in the interior of the peptides. Digestions with
endoproteinases like Glu-C and pepsin are possibilities. Another
would be to accurately predict end-group effects on chemical
shifts.

Prediction of chemical shifts for random coil proteins and
peptides has been undertaken by a number of authors,29,30 These
were not undertaken for the purpose of predicting end effects,
but instead undertaken to provide a reference set for extracting
secondary structure effects from the spectra of folded proteins.
The fact that one might be able to predict not just end effects,
but the actual chemical shifts of all residues in a denatured
protein is intriguing. Using the full protein sequence and a good
prediction tool one might be able to predict the spectra shown
in Figure 2a and assign cross-peaks without the need to generate
and examine spectra of digested peptides. The accuracy of the
prediction methods are not currently adequate to do this for all
residues in our spectra, but once the three definitive assignments
were made, ambiguities were, in fact, reduced enough to
complete most assignments using predictions described by Wang
and Jardetzky.29 Thus, with some improvements in shift
prediction algorithms, an extremely simple approach to assign-

ment of HSQC cross-peaks in spectra of sparsely labeled
proteins may soon be available.

Conclusion

At this point we have been able to demonstrate a viable
assignment strategy for HSQC cross-peaks from a 15 kDa
protein labeled using a single amino acid (alanine) enriched in
15N. The method does not depend on having a previously
determined structure for the protein and should be applicable
to a variety of proteins targeted for structural characterization.
Application will be particularly important for proteins that need
to be expressed in nonbacterial hosts, proteins that require native
glycosylation for example, where use of amino acids as
metabolic precursors is common. It is likely that the methods
can lead to nearly complete assignments of these proteins up
to a size of 30 kDa and to partial assignments of much larger
proteins. Effort is currently comparable to that required for
traditional assignment methods, but it is easy to envision
improvement for the future.
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