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Abstract

A novel biosynthetic strategy is described for the preparation of deuterated proteins containing protons at the
ring carbons of Phe, Tyr and Trp, using the aromatic amino acid precursor shikimic acid. Specific protonation
at aromatic side chains, with complete deuteration at C*/Ppositions was achieved in proteins overexpressed in
bacteria grown in shikimate-supplemented DO medium. Co-expression of a shikimate transporter in prototrophic
bacteria resulted in protonation levels of 62—-79%, whereas complete labeling was accomplished using shikimate
auxotrophic bacteria. Our labeling protocol permits the measurement of important aromatic side chain derived
distance restraints in perdeuterated proteins that could be utilized to enhance the accuracy of NMR structures

calculated using low densities of NOEs from methyl selectively protonated samples.

NMR studies of proteins over 250 amino acids of-
ten employ perdeuteration to alleviate spectral overlap,
resolution and sensitivity problems commonly en-
countered in such large systems (Grzesiek et al., 1993;
Yamazaki et al., 1994a, b). This and the introduc-
tion of various advances in high resolution NMR such
as TROSY (Salzmann et al., 1998), CRINEPT (Riek
et al., 1999), the use of residual dipolar couplings
(Prestegard et al., 2000) as well as hardware improve-
ments with high field magnets and cryoprobes, etc.,
have allowed NMR analysis of proteins to extend past
the 30 kDa size limit. The perdeuteration induced re-
duction in the number of proton-proton NOEs, was
overcome through the reintroduction of protons ei-
ther by using labeled amino acids (Smith et al., 1996;
Metzler et al., 1996) or methyl selectively protonated
metabolic precursors of aliphatic amino acids (Rosen
et al., 1996; Gardner et al., 1997a; Goto et al.,
1998). The merits of the methyl-selective protonation
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approach in a perdeuterated background was success-
fully demonstrated in the global fold determination of
proteins from a limited set of NOEs comprising HN-
HN, HN-CHj3 and CH3-CH3 restraints (Gardner et al.,
1997b; Mueller et al., 2000).

However, the quality of structures determined us-
ing the methyl-selective protonation approach suffers
from a strong dependence on the secondary structure
and topology of the proteins (Gardner et al., 1997b).
The method proves less effective for highly helical
proteins, even with the use of extensive dipolar cou-
pling restraints (Clore et al., 1999). Smith et al. (1996)
showed that NOEs involving aromatic protons are
an important source of additional distance restraints
in the structure calculation of perdeuterated proteins,
on account of their predominance in the hydropho-
bic protein core. Inclusion of aromatic proton derived
distance information has been shown to increase the
accuracy of a family of structures calculated using
the low densities of NOEs (Smith et al., 1996; Clore
et al., 1999, Agazhadeh et al., 1998, Medek et al.,
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Figure 1. Biosynthetic route for incorporation of TH/12C-shikimic
acid into side chains of aromatic amino acids in the proposed selec-
tive protonation approach, using E. coli grown in D>O containing
media (adapted from Pittard, 1996). Sites labelled by shikimate are
represented by .

2000). In this communication, we introduce a novel
cost-effective biosynthetic method for the selective re-
verse labeling of the aromatic amino acids Phe, Tyr
and Trp in perdeuterated proteins, using natural abun-
dance shikimic acid ('H/!>C). This strategy selectively
protonates aromatic rings, while the labeling of the
backbone a- and side chain B-positions can be con-
trolled independently via the DO and glucose added
to the growth medium, thus ensuring the use of stan-
dard approaches for the main chain assignment of
aromatic residues.

Shikimic acid, a major intermediate in the aro-
matic amino acid and aromatic vitamin biosynthetic
pathway in bacteria and higher plants (Haslam, 1993),
is a precursor to the aromatic rings of Phe, Tyr and
Trp (Figure 1). The a- and B-sites of Phe and Tyr are
derived from phosphoenolpyruvate, whereas phospho-
ribosyl pyrophosphate and serine contribute to the re-
mainder of the Trp sites. Thus, highly specific labeling
of aromatic ring positions is possible using the Es-
cherichia coli biosynthetic pathway via shikimic acid.
The shikimate based aromatic ring-selective protona-
tion (henceforth referred to as ‘aro-'H’) was validated
on three different proteins with varying numbers of
aromatic amino acid residues: Two Phe and one Tyr
in the case of ubiquitin (Ub, 76 residues); one Phe,
three Tyr and two Trp in the RecA C-terminal domain
(RecAn63—330, 63 residues); twelve Phe, eight Tyr
and three Trp in yeast ubiquitin hydrolase 1 (YUH]I,
236 residues). A description of the growth conditions

Table 1. Levels of aromatic side chain protonation®

Residue type Efﬁciencyb (%) =+ std. dev.

BL21(DE3) BL21(DE3)/shiA
Phe
Hel/e2 () 4+1 (8) 64+2 (8)
HE (1) 40+1 (5 68 % 0.6 (5)
H31/82 (2) 48+15(7) 68+£2 (7)
Tyr
Hel/E2(1) 561 3) 79+1.3(3)
H31/82(1)e 45+053) 62+£0503)

4The protonation levels were determined from the 1D amide-
rejected proton spectrum of 99.9%2H/!5N-Ub samples over-
expressed in either BL21(DE3) or in BL21(DE3)/ShiA, in the
presence of externally added shikimate, with the control sample
consisting of 99.9%2H/!SN-Ub, overexpressed in BL21(DE3) to
which natural abundance Phe and Tyr were added.

bThe average protonation levels in the aromatic side chains were
obtained by integration of the various peaks from shikimate
added samples and dividing by the integral of the correspond-
ing peaks from the control sample (normalized for differences in
sample concentration). The values in parentheses, against residue
type, indicate the number of peaks analysed, while those against
the efficiency indicate the number of measurements.

€Overlap of the Tyr Hb1/82 peak with one of the two Phe
HEL/E2 peaks in the spectrum of Ub, limited the accuracy of this
measurement.

to obtain aro-'H samples using shikimic acid is pro-
vided as supplementary material. Figure 2 shows a 1D
'H NMR spectrum recorded on an aro-'H, perdeuter-
ated 'N-labeled YUHI. The intense proton signals
in the amide and aromatic regions, with negligible
protonation at the methyl, o- and B-regions of the
spectrum (Figures 2A and 2C) clearly demonstrate
the specific nature of shikimic acid incorporation into
the aromatic ring side chain positions. It also em-
phasizes the lack of apparent scrambling of protons
from shikimic acid into other sites or residues through
alternative biosynthetic pathways. The spectrum in
Figure 2B, where all the signals from amide attached
protons are suppressed by amide filtering (Otting and
Wiithrich, 1990), further highlights the selectivity of
the aro-'H approach. Detection of strong intra-residue
NOEs between aromatic ring protons and amide pro-
tons of aromatic residues and the absence of amide
to aliphatic NOEs for all the three amino acid types
clearly implicated externally added shikimic acid as
the source of side chain protons in the aromatic amino
acids targeted (Figure 2C).

We next investigated the levels of shikimate-
derived protonation in aromatic amino acids, using Ub
as the test sample. Table 1 lists the levels of proto-
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Figure 2. 1D 'H spectrum (A), and amide-rejected 1D Iy spectrum (B), acquired at 600 MHz on a 99.9%-2H/u-1>N-labelled YUHI in
90%H,0/10%D, O buffer, selectively protonated with shikimic acid, as described in the text. Aromatic side chain specific proton signals, de-
rived from shikimic acid are indicated. (C) Comparison of F1 (1 H) cross sections, at particular F2 (15N ) chemical shifts for three representative
aromatic residues from 3D 15N—separatecl NOESY-HSQC spectra of 95%2H/!SN-YUH1 (YUH1) and aro-'H protonated 99%2H/'>N-YUH1
(YUH1 + shiki) protein. Both spectra were recorded over 5 days with a mixing time of ~200 ms on a 1 mM sample of I5N-labeled protein.
The spectra were processed under identical conditions. Intraresidue NOE cross peaks to amide protons are represented with solid arrows.

nation at the observable side chain positions of Phe
and Tyr in aro-'H perdeuterated/!>N labeled ubiquitin
samples. Amide filtered 1D "H NMR spectra (Otting
and Wiithrich, 1990) measured on aro-'H 2H/°N -Ub,
expressed in the E. coli BL21(DES3) strain revealed in-
corporation levels of 40-48% for Phe and 45-56% for
Tyr aromatic protons. Changes in the time of shiki-
mate addition prior to protein induction or increasing
the concentration of added shikimate did not improve
the levels of protonation (data not shown). Apparently
the low proton densities at these sites are due to the
inefficient uptake of shikimate by BL21(DE3). One
possible reason for this would be the catabolite repres-
sion of genes encoding transporters of non-glucose
carbon sources by the glucose in the growth medium
(Saier et al., 1996). Studies by Frost and co workers
(Knop et al., 2001) suggest a similar scenario for shiki-
mate transporters in E. coli. Overexpression of ShiA,
a membrane bound transporter of shikimate, was
shown to increase the uptake of shikimic acid from
the growth medium in shikimate auxotrophs of E. coli
K-12 (Whipp et al., 1998). Hence, we examined the
effect of overexpression of recombinant ShiA, on the
protonation levels in the above system. As expected,
co-expression of recombinant ShiA in BL21(DE23) [re-
ferred to as BL21(DE3)/shiA] markedly increased the

levels of side chain protonation to 66—68% for Phe
and 62-79% for Tyr (Table 1). The levels quantified
by NMR were independently confirmed by MS analy-
ses of lysylendopeptidase digests from the aro-'H Ub
samples (data not shown).

Finally, complete protonation of aromatic posi-
tions by total incorporation of shikimate was achieved
using an auxotrophic bacterial strain defective in en-
dogenous shikimate production. The E. coli K-12
strain, AB2826, harbors a mutation in the aroB gene
and fails to synthesize an upstream precursor of shiki-
mate, thus requiring an external source of shikimate,
or aromatic amino acids for growth (Brown and Doy,
1976). The shiA plasmid was also introduced into
the AB2826 strain to ensure increased transport of
shikimate, thereby increasing the growth rate of the
bacteria (see supplementary material for details). The
total incorporation of shikimate is demonstrated by
the 'H-'3C HSQC spectra of protonated u-'3C/!9N-
YUHI1 overexpressed in AB2826(DE3)/shiA, in mini-
mal media containing 'H/!3C-glucose and '"NH4CI,
supplemented with natural abundance shikimic acid
(Figure 3B). The absence of aromatic side chain
crosspeaks from Phe, Tyr and Trp (excluding 81)
in the above sample, compared to that expressed in
BL21(DE3) host minus shikimate (Figure 3A), clearly
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Figure 3. Aromatic regions from a 2D 'H/1B3C-HSQC spectrum
of (A) u-13C/1N-YUHI expressed in BL21(DE3) host, and (B)
u-13C/15N-YUHI expressed in AB2826(DE3)/shiA bacterial host.
The spectra were recorded at 600 MHz on 1 mM protein samples
in 90%H20/10%D20 buffer (pH 6.0) at 30 °C over 5 h on. Cross
peak assignments for a few representative aromatic amino acids are
indicated.

indicates their successful and complete reverse isotope
labeling with 'H/!2C from shikimate.

In the spectral region represented in Figure 3B,
only crosspeaks attributed to the Trp®!, His®! (evident
from lack of a multiplet pattern) and His®” side chains
were observed as they are labeled with '3C from the
13C-glucose in the growth medium, and not by shiki-
mate. Thereby, the shikimate based reverse isotope
labeling of aromatic side chains with '2C could also be
extended to uniformly '*C/!>N-labeled proteins that
suffer from poor spectral quality in the aromatic region
due to large ! J 13C,'3C couplings and fast transverse
relaxation. Removal of the aromatic '3C labels by
reverse isotope labeling with '>C eliminates approx-
imately 90% of the relaxation source of the aromatic
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Figure 4. (A) Aromatic region of amide-rejected homonuclear
2D 'H-TOCSY spectra of YUHI together with strips from 3D
15N—separated NOESY-HSQC spectra of selected residues with
intraresidue NOEs between amide protons and aromatic protons,
at the indicated '>N-chemical shifts. TOCSY connectivities are
represented by dotted lines, while thick lines represent those
from NOESY spectra. (B) Strips taken at the 1HN and 1PN fre-
quencies of three residues in YUHI from the 3D 15N—separated
NOESY-HSQC spectrum indicating intraresidue HY -aromatic and
long range HN -HN /HN -aromatic NOEs. Asterisk denotes diagonal
peaks. All spectra were recorded at 600 MHz on a 1 mM aro-'H
(99.9%)?H/u-1N-YUHL1 in 90%H,0/10%D, O buffer at 30 °C.

proton, allowing for better sensitivity and resolution.
Reverse labeling at aromatic sites in proteins using
natural abundance aromatic amino acids, introduced
by Bax and co-workers (Vuister et al., 1994), could
in practice provide aromatic distance restraints for
structure calculation in perdeuterated proteins (Smith
et al., 1996; Aghazadeh et al., 1998; Medek et al.,
2000). However, the shikimate based protocol addi-
tionally allows complete "H/'*C or H/'3C (in case
of full perdeuteration) labeling of «- and B-positions,
as well as backbone (including the side chain N*®!
of Trp) nitrogens, which was not possible with the
former approach. This significant advantage of the
aro-'H labeling obviates the need for multiple sam-
ples for backbone, aromatic side chain and NOESY
assignments, thus expediting the structure calculation
process. Further, the presence of ShiA transporter,
and the commercial availability of natural abundance
shikimic acid, ensures the cost-effectiveness of the
proposed protocol (20US$/L of growth media) over
using N-labeled aromatic amino acids.

Sequence specific assignment strategies for aro-
matic ring protons that rely on: (i) Through-space
interactions between a- and f-protons of aromatic
residues with the associated ring protons (Wagner and
Wiithrich, 1982; Wiithrich, 1986), or (ii) multiple
relay transfer steps using the large '3C,'3C 'J cou-



pling constants (Grzesiek and Bax, 1995; Yamazaki
et al., 1993; Lohr and Riiterjans, 1996; Prompers
et al., 1998), tend to become insensitive in case of
larger proteins as the fast transverse relaxation of
THB/13CP coherences decreases the transfer efficiency
and broadens the signals. Moreover, severe overlap of
the already broadened signals in the '3CP dimension
further complicate the assignment process, with the
applicability of these methods being further limited
by perdeuteration of all non-exchangeable protons.
Hence, the assignment of aromatic side chain protons
in aro-'H perdeuterated proteins were made by corre-
lating the signals of the through-bond coupled protons
in amide filtered 2D homonuclear ' H-TOCSY spectra,
to the intra-residue aromatic-HY NOEs in 3D SN-
separated NOESY-HSQC spectra (Figure 4A). The
amide 'H and "N assignments for the three proteins
tested were obtained from earlier studies (Rajesh et al.,
1999; Aihara et al., 1997; Sakamoto et al., 1999). For
YUHI1 (Figure 4A), complete aromatic proton assign-
ment was obtained for the seven Tyr and the three Trp
residues. The H®!' of Trp could not be observed in aro-
'H samples, as is expected from the biosynthetic path-
way of Trp (Figure 1). All of the other aromatic ring
protons of Trp (H®3, H®?, H®® and H"?) were success-
fully assigned. A further advantage of this protocol is
the incorporation of N label from the Y'NH4CI in
the growth medium at the el position of tryptophan
residues. The H®! proton is often well resolved and
provides additional intraresidue NOEs to side chain
protons, assisting in the complete assignment of the
Trp ring protons. As an example, Figure 4A shows the
complete aromatic ring proton assignment of W235
of YUH1, which was obtained from the intra-residue
aromatic to amide and H®! NOEs. In addition, the
He! proton also provides crucial long range NOE in-
formation that helps in the rapid determination of the
global fold of proteins (long range NOEs from H®!
proton of W81 and aromatic to HY NOEs for few
other amino acids is indicated in Figure 4B). Assign-
ments for most of the H®!/> and H®!/%? resonances
in the twelve Phe residues were obtained for YUHI.
Although TOCSY based H® assignment was obtained
for one Phe residue in YUH]1, indicating that shikimic
acid labeling also targets ¢-positions of Phe, other H®
protons could not be observed, probably as a result
of chemical shift overlap with the e- or 3-protons.
In comparison, a fractional 50%->H/'3C/!>N-labeled
YUHI1 yielded only half of the aromatic 'H reso-
nance assignments (data not shown), demonstrating
the advantages of our protocol. By virtue of the aro-
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'H approach, complete aromatic side chain proton
assignments could be obtained also for RecAz¢2-330
and Ub (see Supplementary material available from
the author) in a similar manner.

The longer mixing times used in the NOESY ex-
periments on aro-'H perdeuterated samples, can lead
to some ambiguity in the assignment of aromatic ring
'H spin systems, due to spin diffusion amongst the
aromatic protons. Nevertheless, the improved sensitiv-
ity of the amide to aromatic NOE transfer, facilitated
by the deuteration of the C* and CP positions, pro-
vides efficient intra-residue HY to aromatic side chain
NOE assignments (Figure 4B). Any resulting ambi-
guities in the proton position assignment can then
be treated using the ambiguous distance restraints
approach (Nilges, et al., 1998) for the structure calcu-
lation. The absence of '3C labels in the aromatic side
chains on account of reverse labeling by shikimate,
though beneficial in case of Phe due to the limited
dispersion of aromatic 'H and !3C resonances, would
probably be limiting in the assignment of Tyr and Trp
rings that often have much better dispersion of aro-
matic '3C resonances. In the proteins tested in this
study, however, the absence of aromatic 13C labels
did not prove to be problematic for the assignments
of the Tyr and Trp side chains. Floss and co-workers
(Cho et al., 1992) have reported the chemical synthe-
sis of 13C labeled shikimate at the 1 or 2 positions
(Figure 1), which could be employed in the proposed
labeling scheme for site specific labeling of aromatic
side chains with '3C in order to overcome the ambi-
guities in aromatic side chain assignments of proteins
with numerous aromatic residues, and to provide un-
ambiguous aromatic derived NOEs. The versatility of
this labeling approach allows for experimenting with
different 'C-labeling patterns at aromatic side chains
in high molecular weight proteins using appropriately
designed chemically synthesized !3C-shikimic acid.

In summary, we have described a novel, cost-
effective and easy to implement biosynthetic proce-
dure for the selective protonation of aromatic side
chain ring positions in otherwise fully perdeuterated
proteins. The divergent metabolic pathways of aro-
matic amino acids (Phe, Tyr and Trp) and aliphatic
amino acids (Leu, Ile and Val) allow one to effec-
tively combine the above shikimate protonation with
the methyl-selective protonation approach (Gardner
et al., 1997b), providing the much-needed additional
long-range aromatic distance restraints in perdeuter-
ated proteins. The above selective protonation scheme
will prove to be highly beneficial for the rapid and
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accurate global fold determination of high molecular
weight proteins from a limited set of NOEs.
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