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Abstract

In NMR spectra of complex proteins, sparse isotope enrichment can be important, in that the removal of many 13C–13C homonuclear J-
couplings can narrow the lines and thereby facilitate the process of spectral assignment and structure elucidation. We present a simple scheme
for selective yet extensive isotopic enrichment applicable for production of proteins in organisms utilizing the Entner–Doudoroff (ED) met-
abolic pathway. An enrichment scheme so derived is demonstrated in the context of a magic-angle spinning solid-state NMR (MAS SSNMR)
study of Pf1 bacteriophage, the host of which is Pseudomonas aeruginosa, strain K (PAK), an organism that uses the ED pathway for glucose
catabolism. The intact and infectious Pf1 phage in this study was produced by infected PAK cells grown on a minimal medium containing
1-13C D-glucose (13C in position 1) as the sole carbon source, as well as 15NH4Cl as the only nitrogen source. The 37 MDa Pf1 phage consists of
about 93% major coat protein, 1% minor coat proteins, and 6% single-stranded, circular DNA. As a consequence of this composition and the
enrichment scheme, the resonances in the MAS SSNMR spectra of the Pf1 sample were almost exclusively due to carbonyl carbons in the
major coat protein. Moreover, 3D heteronuclear NCOCX correlation experiments also show that the amino acids leucine, serine, glycine,
and tyrosine were not isotopically enriched in their carbonyl positions (although most other amino acids were), which is as expected based
upon considerations of the ED metabolic pathway. 3D NCOCX NMR data and 2D 15N–15N data provided strong verification of many pre-
vious assignments of 15N amide and 13C carbonyl shifts in this highly congested spectrum; both the semi-selective enrichment patterns and the
narrowed linewidths allowed for greater certainty in the assignments as compared with use of uniformly enriched samples alone.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The assignment of NMR resonances in biological mac-
romolecules is typically a prerequisite for obtaining site-
specific information. In recent years, a growing number
of assignments have been reported for globular and mem-
brane proteins studied by magic-angle spinning (MAS1)
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solid-state NMR, yielding several structures [1–5]. One of
the key factors for successful assignment is the spectral res-
olution. For proteins of large molecular weight or for pro-
teins containing a dominant secondary structure element
(i.e., all helical or all sheet), spectral congestion and peak
overlap can hinder successful assignment. Intrinsic mem-
brane proteins, which are both large and mostly helical,
provide examples of this problem. Although successful
assignments have been reported in some cases [6,7], and
partial site-specific assignments and amino acids type
assignments of relatively narrow line widths for isolated
peaks (�0.5 ppm) have also been reported [8–10], spectral
overlaps hampered large-scale site-specific assignments.
Several methods have been used to overcome the problem
of poorly resolved peaks. Larger signal dispersion has
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Fig. 1. 1D CP-MAS 13C NMR spectra of Pf1 filamentous phage. In black
is the spectrum of a fully enriched virus sample, Pf1U. In red is the
spectrum of Pf1NCO. The relative intensities of the two spectra were set for
clarity. The inset shows an expansion (170–185 ppm) of the carbonyl
region. Arrows indicate the signals of the N-terminal glycine carbonyl and
the tyrosine ring carbons as examples of carbon signals that are not
enriched in Pf1NCO. The backbone Ca and the ser and thr Cb in the same
spectral region are almost completely suppressed, and some methyl groups
in the 10–40 ppm region (ile Cd, thr Cc, met Cc, lys Cc) have weak
intensities. Spinning sidebands are noted as such (ssb). (For interpretation
of the references in colour in this figure legend, the reader is referred to the
web version of this article.)
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been achieved by means of three-dimensional and double-
quantum based experiments [3] or higher magnetic fields.
Spectral editing techniques to select for specific functional
groups [11,12] or specific spectral regions [13–15] have
also been used. It is possible to obtain better site resolu-
tion by means of isotopic editing. This is achieved by
producing protein samples from a medium containing
partially enriched precursors. Methyl isotope enrichment
[16], alternate carbon enrichment [17], segmental isotope
enrichment [18], and deuteration [19,20] have all contrib-
uted to the study of the structure and dynamics of many
macromolecules in solution and have facilitated especially
the study of large (�100 kDa) molecular weight proteins
[21]. For MAS solid-state NMR, the use of precursors
such as 2-13C glycerol, 1-13C D-glucose, 1,3-13C glycerol,
and the additions of specifically enriched or non-enriched
amino acids to the growth media have proved
beneficial for assignment and for structure elucidation
[4,17,22,23].

In this manuscript, we present a procedure for creat-
ing a network of isolated, isotopically enriched N–C 0

spin-pairs throughout the backbone of Pf1 phage major
capsid protein. Backbone carbonyl carbons have been
shown to be an excellent probe for local mobility in pro-
teins [24]. Their chemical shift anisotropy (CSA) values
are directly correlated with their protonation states and
hydrogen bonding patterns [25,26], and carbonyl CSA
values are used as restraints for structure calculations
[27]. Carbonyl enriched amino acids have been incorpo-
rated into large proteins and utilized to simplify data
analysis and to probe protein–protein interactions
[28,29]. With respect to Pf1, its major capsid protein is
small, only 46 amino acids, but it is present in about
7300 copies in the 37 MDa filamentous virion, which also
contains a few copies of minor coat proteins at the ends
and a circular single-stranded DNA molecule of 7349
nucleotides [30–32]. Using the motionally averaged 31P
and 13C CSA tensors of the glycine carbonyls and
DNA phosphate groups in a 1-13C glycine enriched, con-
centrated, Pf1 solution, rapid (104–106 Hz) reorientation
of the entire virus particle along its long axis was
detected at high pH (8.0) while no such motion was
detected at low pH (4.0) [33]. In the scheme we present
here, a set of 30 carbonyl carbons have been introduced
into the 46 amino acid capsid subunit as a result of the
manner in which 1-13C D-glucose is broken down via the
Entner–Doudoroff (ED) pathway to eventually produce a
limited set of 13C enriched amino acids. The ED path-
way, discovered in a bacterium of the genus Pseudomo-

nas [34], is the principal catabolic path for glucose for
a wide variety of bacteria [35], including the Pf1 host
Pseudomonas aeruginosa, K strain (PAK). Here we have
used MAS NMR experimental data obtained for a uni-
formly 15N and partially carbonyl enriched Pf1 sample
to verify the previously assigned 15N and 13C backbone
resonances in spectra of fully enriched intact Pf1 samples
[36].
2. Results

Two cross-polarization (CP) MAS 13C NMR spectra of
the Pf1 filamentous phage are shown in Fig. 1, demonstrat-
ing qualitatively the carbonyl enrichment pattern. One is
the spectrum of a fully {13C, 15N} enriched Pf1 virus sam-
ple (black, referred to as Pf1U), which shows typical protein
13C resonances, including signals from carbonyl carbons
(170–185 ppm), aromatic carbons (110–160 ppm), Ca
(44–70 ppm), and other aliphatic carbons (10–44 ppm).
The second spectrum (red) is of a partially enriched Pf1
sample (referred to as Pf1NCO) and is dominated by the car-
bonyl peaks. Pf1NCO was prepared as previously described
[36] from Pf1 infected PAK (both phage and host obtained
originally from Prof. K. Amako [31]; ATCC #25102),
grown in a minimal M9 medium containing 15NH4Cl as
sole nitrogen source, but with 1-13C D-glucose as a sole car-
bon source, rather than fully enriched 13C D-glucose as a
sole carbon source. The Ca carbons are almost completely
suppressed, and some intensity is detected for several
methyl carbons. The aromatic rings are also not enriched
in this scheme.

It is well established that when proteins are expressed in
Escherichia coli, the presence of 1-13C glucose as the carbon
source results in the selective isotopic enrichment of many
aliphatic carbons and partial enrichment at the carbonyl
position for about one-half of the natural amino acids
[22]. These results are consistent with the expected fate of
the C-1 of a D-glucose precursor over the course of glucose
catabolism and subsequent biosynthesis of the amino acids
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via the Embden–Meyerhoff–Parnas pathway [37]. In con-
trast, Ps. aeruginosa utilizes the Entner–Doudoroff (ED)
pathway in the first stages of glucose catabolism [34] and
thus a different enrichment pattern of the amino acids
results, which is dominated primarily by the carbonyl
carbons.

In order to establish the enrichment pattern in Pf1NCO

and to verify our previously assigned carbonyl shifts we
performed a 3D NCOCX heteronuclear experiment and a
2D 15N–15N free spin diffusion experiment. In the NCOCX
experiment we observed many cross-peaks resulting from
the magnetization transfer of the 15N spins of a residue i

(Ni) to the carbonyl carbon of the preceding residue i � 1
ðC0i�1Þ and to additional carbons C0j (cross-peak
Ni–C0i�1–C0i�1þj). The main cross-peaks observed were for
j = �1, 0, +1 and provided sequential contacts up to three
residues (i fi i � 1 fi i � 2). The intensities of those cross-
peaks varied between 12% and 25% of the corresponding
diagonal carbonyl peaks. Some examples of those cross-
peaks are shown in Fig. 2.

The reduction of the 13Ca isotopes (and most other car-
bons) to the natural abundance level resulted in the elimi-
nation of the 13C 0–13Ca one-bond J-coupling (JC 0�Ca),
producing significantly narrower line widths, as shown in
Fig. 3. Slices corresponding to the C 0 peaks of Glu9 and
Asp14 are shown for Pf1U (a and c) and Pf1NCO (b and
d) samples. The line widths in Pf1NCO are narrower by
50–70 Hz, corresponding approximately to the average
value of JC 0�Ca, 55 Hz.
Fig. 2. Cross-peaks from a 3D NCOCX spectrum of the Pf1NCO sample. Selec
diffusion (500 ms) utilizing dipolar assisted rotational resonance [38,39]. Auto-
Cross-peaks to other aliphatic carbons were not observed even when if a 150 H
13C–13C plane cut at a 15N shift of 116.9 ppm showing primarily Ni ! C0i�1 !
peaks was 116.9–117.4 ppm. (b) A 13C–13C plane cut at a 15N shift of 122.
contacts Ni ! C0i�1 ! C0j, and a signal from a single residue resulting from a w
and 122.1 ppm for all indicated peaks. Ten contours are shown with multiplica
(a) and at a signal-to-noise level of 5.5 in (b). Noise levels were calculated usin
data points.
Another aspect of the ED pathway is that of the 14 dif-
ferent amino acids comprising the sequence of the Pf1
major coat protein, several are predicted not to be enriched
when 1-13C glucose is used as the sole carbon source. This
prediction of non-enrichment, which is elaborated in Sec-
tion 3, is confirmed on the basis of absent or very weak
Ni–C0i�1–C0i�1 cross-peaks for cases where C 0i corresponds
to any of those non-enriched amino acids. In Fig. 4, 2D
planes cut from the 3D NCOCX spectrum show an overlay
for Pf1U (blue) and the partially enriched sample Pf1NCO

(red). In the examples given below, the particular C 0

auto-correlation peaks corresponding to site-specifically
assigned Gly23 (a), Ser10 (b), Leu33 (c), and Leu38 (d)
are missing from the spectrum. In some cases (not shown),
peaks corresponding to one of the four amino acids tyr, ser,
gly, and leu could not be resolved, however the consistent
absence of C0i–C0i�1 peaks and the significantly reduced
intensity of the auto-correlation peaks suggests that those
signals are also suppressed.

Data from the 3D NCOCX experiment allowed us to
verify many of our prior backbone nitrogen and carbonyl
assignments. In order to verify further the 15N assignments
and support our results, we have also acquired a two-
dimensional 15N–15N proton driven spin diffusion (PDSD)
experiment [41]. Similar experiments by others detected
cross-peaks that result mainly from sequential contacts
along the backbone [42–44]. These contacts result
from through-space magnetization transfer along
typical 15N–15N distances of �3.4 Å in a b-sheet and
tive CP [13] was applied to obtain N–C0 transfer followed by carbon spin
correlation and cross-peaks were observed only for the carbonyl carbons.
z line broadening apodization function was used in all dimensions. (a) A
C0i cross-peaks; the range of shifts for the actual maxima of the indicated

1 ppm showing auto-correlation peaks Ni ! C0i�1 ! C0i�1, medium-range
eak two-bond N–C 0 transfer (Ala29); the 15N maxima range between 121.7
tive steps of 1.3. The minimum contour level is at a signal-to-noise of 10 in
g SPARKY [40] as the median of 1000 randomly sampled absolute value



Fig. 3. Line narrowing of the carbonyl resonances from the NCOCX 3D spectrum. The line widths at half peak height (DFWHH) were calculated using the
SPARKY [40] line fitting routine. Both spectra of the uniformly enriched virus sample (Pf1U) and the partially enriched virus sample (Pf1NCO) were
apodized using a cosine-bell function. Acquisition times were 25 and 20 ms for Pf1U and Pf1NCO, respectively. (a) A 1D slice extracted from the 3D
Ni–C0i�1–C0i�1 cross-peak of Glu9 of Pf1U. DFWHH = 137 Hz. The 2D 13C 0–13C 0 plane is shown in the inset at the 15N shift of Ser10. (b) A slice
corresponding to the Glu9 C 0 peak taken from Pf1NCO, DFWHH = 70 Hz. Inset shown for the 15N shift of Ser10 from the same dataset. (c) Asp14 from
Pf1U, DFWHH = 130 Hz. (d) Asp14 of Pf1NCO, DFWHH = 79 Hz. Insets in (c) and (d) are from a 2D 13C 0–13C 0 plane extracted from the corresponding 15N
shift of Gly15. Experimental details are given in the caption of Fig. 2.
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�2.8 Å in a right-handed a-helix. In three cases cross-peaks
from longer distances have been reported. An inter-molec-
ular contact of 4.75 Å (based on X-ray structure) has been
observed for the Crh dimer [42] (a mixing time of s = 4 s
was used). In SH3, mostly sequential contacts have been
observed (s = 3 s) however several ambiguous long-range
(3–6 Å) constraints have been used for the structure calcu-
lation [43], and in GB1 several two-bond transfers have
been observed (s = 4 s) [44]. The 15N–15N spectrum of
Pf1NCO (s = 4 s) shows many sequential contacts and also
several medium-range (i fi i ± 2, 3) contacts. The region
in the spectrum corresponding to the glycine cross-peaks
was best resolved, and is shown in Fig. 5 with some key
assignments. All Glyi–Xi±1 cross-peaks are indicated
(where X is a neighboring residue), with the exception of
Gly23–Gly24, which was detected near the diagonal, out-
side the region shown here. We have observed several
two-bond transfers (G24–I22, G24–I26, G17–M19, G37–
V35), and some weaker three-bond transfers (G24 fi A21
and G37 fi Y40). A typical Ni–Ni+2 distance in a right-
handed a-helix is �4.2 Å and a Ni–Ni+3 distance is around
4.8 Å. For a 310-helix this distance would be �5.9 Å, and
very unlikely to be observed at all since the 15N–15N spin
diffusion efficiency is �6 times smaller than that of 13C
and for a mixing time of 4 s, distances above 5 Å have
not been observed [42].

The chemical shifts of Pf1 derived from Pf1U and
Pf1NCO have been deposited in the BioMagResBank under
Accession Number 15138.

3. Discussion

Any isotopic dilution for NMR studies that results in
line narrowing and spectral dilution will support and



Fig. 4. 13C–13C planes extracted from 3D NCOCX spectra of Pf1
filamentous phage. Red and blue colors correspond to the partially
(Pf1NCO) and fully (Pf1U) enriched samples, respectively. (a) The
sequential correlation Gly24–Gly23 (175.7 ppm) is suppressed, confirming
that glycine C 0 is not enriched. (b) The sequential correlation Ala11–Ser10
(176.4 ppm) is absent, confirming the suppression of serine 13C 0. (c and d)
Lack of leucine 13C 0 is demonstrated in two examples: Ala34–Leu33
(178.4 ppm) (c) and Ile39–Leu38 (179.1 ppm) (d). In all the examples
above the auto-correlation C 0–C 0 peak is unique and based on our
assignments, and no overlap is expected with other residues. Additional
peaks observed in the spectra are indicated with gray arrows, and their 15N
shifts at the peak maximum are noted. Fifteen contours at multiplicative
steps of 1.3 are shown in both spectra and are set to a minimal signal-to-
noise of 10. Experimental details are similar to those given in Fig. 2. (For
interpretation of the references in colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 5. A 15N–15N spin diffusion experiment from Pf1NCO. The mixing
time was 4 s and no proton irradiation was employed. The cross-peaks of
the glycine residues with neighboring amino acids are shown. Peaks
resulting from sequential contacts are indicated by a red mark, with the
corresponding glycine neighbor noted by an arrow (G23–I22 is explicitly
noted as such). Several peaks result from medium-range (i fi i ± 2, 3)
magnetization transfer and are indicated in blue and noted by an italic
font. Eight contour levels are drawn starting from a signal-to-noise of 6
and with multiplicative steps of 1.3·. In cases of assignment ambiguities
due to congested peaks, assignment was based upon the spin pair with the
shortest distance. Additional experimental details are given in Section 4.
(For interpretation of the references in colour in this figure legend, the
reader is referred to the web version of this article.)
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enable the assignment of large proteins with highly con-
gested spectra. In the case of Pf1, both line width reduction
and spin dilution have been achieved through the enrich-
ment of a limited set of the backbone carbonyls resulting
from our use of the glucose catabolic pathway of the host
organism Ps. aeruginosa. A general scheme describing the
pathways leading to the pattern we observed for the Pf1
coat protein is shown in Fig. 6. According to the ED path-
way [34,45], a 1-13C glucose precursor will be converted to
a pyruvate enriched at the carboxylic carbon and to a non-
enriched glyceraldehyde-3-phosphate (G3P) molecule. The
non-enriched G3P then enters the lower Embden–Meyer-
hoff–Parnas (EMP) pathway to generate non-enriched
serine and glycine amino acids, and an additional non-
enriched pyruvate molecule. Tyrosine is a product of
chorismate, which is generated from erythrose-4-phosphate
(E4P), an intermediate of the pentose phosphate pathway
(PPP), and phosphoenolpyruvate (PEP), an intermediate
of the lower EMP pathway. The fourth amino acid that
is not enriched in Pf1NCO is leucine. The carbonyl group
in leucine originates from the acetyl group of acetyl
coenzyme A when it condenses with the carbonyl-enriched
a-ketoisovalerate as part of the valine biosynthesis path-
way. The 13C isotope of a-ketoisovalerate, originating from
the pyruvate carboxylic carbon, is released as 13CO2. As
shown in Fig. 6 the residues serine, glycine, leucine and
tyrosine remain non-enriched when glycolysis of 1-13C glu-
cose is by the ED pathway, and accordingly resonances
from the 7 gly, 3 ser, 4 leu, and 2 tyr in Pf1 are indeed sup-
pressed in our spectra (Fig. 4, and data not shown). How-
ever, several of them show very weak auto-correlation peak
intensities on the order of 10% of other resolved auto-cor-
relation peaks.

In addition to the enrichment of the backbone carbon-
yls, the CPMAS spectrum of Pf1NCO (Fig. 1, red) indicates
that several methyl groups are also partially enriched.
Based on the spectral assignment of Pf1 [36], those methyl
peaks belong to isoleucine Cd (11–15 ppm), threonine Cc
(22 ppm), lysine Cc (K20, 26.6 ppm), and methionine Cc
(M19, 32.9 ppm). These observations are in agreement with
the direct conversion of 1-13C pyruvate and 13C enriched
carbonate to 1,4-13C oxaloacetic acid, in which the carbon
in position 4 originates from an enriched carbonate ion.

Prior spectral assignments of the resonances of 237 out
of 257 15N and 13C nuclei of Pf1U were achieved despite



Fig. 6. The key biosynthetic pathways determining the enrichment pattern of Pf1NCO resulting from metabolism of a 1-13C glucose precursor. A star (*)
indicates amino acids that are enriched in the backbone carbonyl (e.g., *alanine) and pathway intermediates enriched at the carboxylic acid carbon. A
double dagger (�) indicates lower enrichment level stemming from 13CO2. The enriched sidechain carbons of several amino acids are noted specifically
(e.g., �Cc-threonine). Oxaloacetate is enriched in positions 1 and 4, where carbon-1 corresponds to the pyruvate carboxylic group and carbon-4 comes
from partially enriched carbonate ions in the growth medium. The dashed arrows indicate that a-ketoglutarate is a product of oxaloacetate in the TCA
cycle, however the carbonyl enrichment in a-ketoglutarate (as observed in gln, glu, and arg) must come from another source since carbon-1 of oxaloacetate
is released as CO2. Amino acids not present in the Pf1 major coat protein are indicated in parenthesis. The following abbreviations have been used: G6P,
glucose-6-phosphate; 6PG, 6-phosphogluconate; R5P, ribose-5-phosphate; E4P, erythrose-4-phosphate; KDPG, 2-keto-3-deoxy-6-phosphogluconate;
G3P, glyceraldehyde-3-phosphate; 3PG, 3-phospho-glycerate; PEP, phosphoenolpyruvate; Pyr, pyruvate; Ac-CoA, acetyl coenzyme A; *�oxaloacetate,
*1,�4-13C oxaloacetate. *�Homoserine, *1,�4-13C homoserine. Oxaloacetate and a-ketoglutarate are part of the TCA, tricarboxylic acid cycle.
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the overlapping 15N amide and 13C carbonyl regions in this
highly a-helical protein [36]. Verification of those assign-
ments is crucial for successful structure determination.
Assignments from the present 2D and 3D experiments on
Fig. 7. (a) Comparison of the 15N shifts from Pf1U (blue empty squares; size o
and 3D NCOCX (red square) spectra of Pf1NCO. (b) Comparison of the backb
and the 13C 0 shifts from the NCOCX spectrum of Pf1NCO (red squares). The tw
follows: red solid horizontal lines below the data points represent a two-residue-
data points represent Ni ! C0i�1 ! C0i cross-peaks. 13C 0 resonances that
Ni ! C0i�1 ! C0i�1 peaks. The amino acid sequence of Pf1 is shown in the b
position. (For interpretation of the references in colour in this figure legend, t
Pf1NCO are given in Fig. 7 together with our prior assign-
ments. In Fig. 7a the 15N shifts obtained from the 2D
15N–15N spin diffusion experiment (green triangles) and
from the 3D NCOCX experiment (red squares) are com-
f 0.4 ppm) and the shifts extracted from the 2D 15N–15N (green triangles)
one carbonyl (13C 0) shifts from Pf1U (blue empty squares; size of 0.3 ppm)
o types of cross-peaks observed in the NCOCX experiment are indicated as
long Ni ! C0i�1 ! C0i�2 cross-peaks. Red dashed horizontal lines above the

have no horizontal lines were identified only as auto-correlation
ottom with the residue number. Residues in bold are enriched in the C 0

he reader is referred to the web version of this article.)
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pared to the previously assigned 15N shifts (blue empty
squares, size of 0.4 ppm). As can be seen in Fig. 7, the
chemical shifts of 41 backbone 15N nuclei observed by
the two methods are in excellent agreement with our previ-
ous assignments.

In Fig. 7b the 13C 0 shifts obtained from Pf1NCO (red
squares) are compared to the previously assigned shifts
(blue empty squares, size of 0.3 ppm). The backbone car-
bonyl shifts (red) have been inferred from several types of
cross-peaks. Cross-peaks resulting from Ni ! C0i�1 !
C0i�2 magnetization transfer are indicated by the solid lines
below the data points. Cross-peaks resulting from
Ni ! C0i�1 ! C0i magnetization transfer are indicated by
the dashed lines above the data points. Auto-correlation
peaks ðNi ! C0i�1 ! C0i�1Þ account for the remaining
observed C 0 resonances, and have also been observed for
many other residues. Those auto-correlation peaks have
also proved useful for verifying many of our assignments
and are comparable in signal-to-noise to those observed
in Pf1U despite the much longer mixing time (500 ms in
Pf1NCO vs. 10 ms in Pf1U). In comparison, auto-correlation
peaks of Ca carbons are significantly reduced in long mix-
ing time spectra (500 ms, data not shown). Also, backbone
carbonyl carbons have been shown to experience longer T1

relaxation times then alpha-carbons or other aliphatic car-
bons [46], thus the use of carbonyl enriched proteins could
prove useful for obtaining long-range distance constraints
for use in a structure calculation.

Of the 16 amino acids in the coat protein sequence that
were not enriched (noted with regular font in the abscissa
label of Fig. 7), four of them (Ser6, Gly17, Gly23, Tyr40)
have been observed on the diagonal as weak auto-correla-
tion peaks, with signal intensities of around 10% when
compared to other auto-correlation peaks. No cross-peaks
in our spectra could be associated with those residues and
their detection may be a result of some minor fractional
scrambling of the 13C isotopes. Overall the assignments
of 31 carbonyl shifts, which include the four residues men-
tioned above, have been confirmed, and their shifts are in
excellent agreement with our previous results.

The enrichment pattern we show here is based on the
ED pathway that several bacterial species utilize as their
main route for the break down of glucose, even when the
enzymes of the EMP pathway are present [35]. We have
directly observed high level of backbone carbonyl enrich-
ment in Pf1 for ten amino acids (glu, gln, arg, asp, met,
thr, lys, ile, ala, val). Two additional amino acids (pro
and asn) that are not in the coat protein of Pf1 are likely
to be enriched as well via the glucose catabolism of the
ED pathway when 1-13C glucose is the carbon source.
The eight remaining amino acids that are not enriched in
this manner are, in groups of similar biosynthetic path-
ways: gly, ser, cys; tyr, trp, phe, his; leu. For proteins
expressed in E. coli, in which glucose is broken down via
the EMP pathway, other schemes have been commonly
employed that involve several different enrichment patterns
of the backbone carbonyls. While growth on 1,3-13C glyc-
erol as a sole carbon source [4] (or with addition of
NaH12CO3) results in enrichment of all C 0 carbons except
for that of leu, growth of E. coli on 2-13C glycerol
(NaH13CO3) results in eight amino acids not being
enriched (gly, ser, cys; tyr, trp, phe; ala, val, with no infor-
mation for his). The enrichment pattern reported for E. coli
grown on 1-13C glucose [22] via the EMP pathway has a
low fractional enrichment (�25%) of several residues, and
missing entirely are those amino acids we observed missing
for the ED pathway (gly, ser, cys; tyr, trp, phe; leu), as well
as three more (lys, ala, and val). The use of partially
enriched succinate produced yet entirely different patterns
[47]. Thus there is great potential for taking advantage of
this natural ED pathway for achieving useful new enrich-
ment patterns not obtainable by the other methods. That
the ED pathway is also used by E. coli when it is grown
on gluconate [48–50], expands the possible use of this
scheme to many other proteins that are to be isotopically
enriched for NMR studies.

In summary, the selective enrichment of backbone car-
bonyls in the Pf1 bacteriophage proved useful for verifying
the backbone 13C 0 and 15N shifts. This scheme can be used
as a building block for other new enrichment patterns that
involve also the addition of enriched aliphatic carbons.
Such patterns are expected to enable the acquisition by
NMR of medium- and long-range order contacts as useful
structural constraints. Also, the enrichment of spin-pairs
along the backbone creates a network of isolated two-spin
systems that gives an opportunity for the development of
additional experiments, which can be easily interpreted the-
oretically since any effects of additional spins is almost
negligible.

4. Materials and methods

4.1. Sample preparation

Uniformly enriched 13C and 15N Pf1 phage (Pf1U) was
purified and characterized as described before [36] by cul-
turing infected Pseudomonas aeruginosa K strain (PAK)
on a minimal M9 medium containing uniformly labeled
13C D-glucose and 15NH4Cl as the sole carbon and nitrogen
sources, respectively. The Pf1 sample enriched selectively in
its carbonyls (Pf1NCO) was prepared the same way, except
that 1-13C glucose was the sole carbon source. The virus
samples were formulated for NMR with a cryo-protectant
by making the 1 mg/ml solution 22% PEG 8000 and 30%
ethylene glycol. Subsequent addition of 5 mM MgCl2
resulted in quantitative precipitation. Approximately
40 ll of wet mass containing 10 mg virus were packed into
a 4 mm Bruker rotor or a 4 mm thick-wall Varian rotor
and used for the NMR experiments.

4.2. NMR experiments

1D 13C CP-MAS (cross-polarization magic-angle spin-
ning) [51] spectra of Pf1NCO and Pf1U were performed on
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a Varian InfinityPlus spectrometer operating at a proton
frequency of 600 MHz for protons, and on a 750 MHz
Bruker DRX spectrometer, respectively. The following
parameters have been used for Pf1NCO and Pf1U, respec-
tively. CP-MAS was performed with the Hartman–Hahn
(HH) condition (m1H � m1N = nmr) set to n = 1 (m1X the
power level of channel X, mr the spinning frequency). CP-
MAS contact times: 2.0 and 1.25 ms. Two-pulse phase
modulation (TPPM) proton decoupling: m1H � 75 kHz,
phase 15� and pulse length 6.5 ls in both cases. Relaxation
times 3 s. Acquisition lengths �26 ms. Spinning frequencies
10.5 and 15 kHz. Processing was performed with zero-fill to
16K points and a cosine-bell apodization in both cases.

A 2D 15N–15N spin diffusion experiment [41] without
proton irradiation was acquired on a 750 MHz Bruker
spectrometer with the following parameters: proton–nitro-
gen CP contact time 2 ms with a 20% ramp on the proton
channel and a CP-MAS at the n = 1 HH condition,
15N–15N spin diffusion mixing time 4 s, TPPM proton
decoupling �75 kHz/15�/6.4 ls, spinning rate 13.2 kHz,
acquisition points 256 (t1) · 1024 (t2) employing time pro-
portional phase increment (TPPI) [52] in t1, spectral width
13.2 kHz (t1) · 25 kHz (t2). Several processing scripts were
used. In t1 (indirect dimension), apodization was done with
a square cosine-bell or with exponential broadening, with
and without forward linear prediction and with zero filling
to 4096 points. In t2 (acquisition dimension) a squared
cosine-bell apodization function or a Lorentz-to-Gauss
transformation were used, followed by zero filling to 4096
points and a polynomial baseline correction of the Fourier
transformed spectrum.

A 3D NCOCX experiment was acquired on a Bruker
750 MHz spectrometer. In this experiment the magnetiza-
tion of a given backbone 15N nucleus is transferred to a
carbonyl carbon (C 0) of the preceding residue by means
of a selective CP transfer [13,53]. C 0 magnetization is then
transferred to additional carbons by means of a homonu-
clear 13C–13C mixing enhanced by proton irradiation at
the n = 1 rotational resonance condition, m1H = mr [38,39].
15Ni,

13C0i�1, and 13Cj define the three dimensions t1, t2,
and t3. The following experimental parameters have been
employed: proton–nitrogen CP contact time 2 ms (proton
ramp 20%, HH condition n = 1), nitrogen-carbonyl
ramped selective CP [13,53] of 4 ms (10% ramp on 13C,
m1C = 2.5 · mr, m1N = 1.5 · mr), TPPM proton decoupling
�75 kHz/15�/6.4 ls, DARR/RAD (dipolar assisted rota-
tional resonance [38]/RF assisted spin diffusion [39]) mix-
ing of 500 ms (m1H = mr = 13.2 kHz), spectral widths
5.3 kHz (t1); 3.3 kHz (t2, corresponding to a dwell time
equaling four times the rotor-spinning period of
13.2�1 ls); 100 kHz (t3, acquisition dimension). Various
processing schemes have been employed that optimize both
line intensities (exponential broadening) and site resolution
(Cosine-bell, Lorentz-to-Gauss transforms). Sample tem-
perature (corrected for spinning) was set to 290 K, ensuring
that Pf1 was in its high temperature form.
All data were processed using NMRPipe [54] and the
multi-dimensional data were analyzed using SPARKY [40].
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