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ABSTRACT: 'N-'H correlation spectroscopy with detection at the !H frequency has been used at natural
abundance to detect nitrogen nuclei bonded to protons in the ferrocytochrome c-551 from Pseudomonas
aeruginosa (ATCC 19429). Side-chain aromatic nitrogens, main-chain amides, and side-chain amides have
been assigned to specific residues by comparison to previous proton assignments. Assignment ambiguities
arising from overlap in the proton dimension have been resolved by examining spectra as a function of
temperature and pH. Nitrogen chemical shifts are reported at pH 4.6 and 9.4 and three temperatures, 32,
50, and 60 °C. Significant differences arise from the observed protein shifts and expected shifts in the random

coil polypeptide.

Studies of N nuclei in proteins have not been as common
as NMR investigations of 'H or even *C, because of the severe
sensitivity problem. Pioneering studies have been made [for
example, see Smith et al. (1987) and their references to earlier
literature], but they have required special circumstances, in-
cluding obtaining material enriched over natural abundance.
Techniques have now been developed for the detection of
insensitive nuclei by polarization transfer from the insensitive
nucleus to a sensitive one, usually 'H. These now make the
15N nucleus more accessible. Recently, backbone amide *N
chemical shifts have been reported for bovine pancreatic
trypsin inhibitor, apamin (Glushka et al., 1989, 1990), in-
terleukin (Marion et al., 1989a), the DNA binding protein Ner
(Gronenborn et al., 1989), the inflammatory protein C5a
(Zuiderweg & Fesik, 1989), and Staphylococcus nuclease
(Torchia et al., 1989; Wang et al.,, 1990). Also, powerful
spectroscopic methods have been developed to further elaborate
overlapping amide protons in large macromolecules into a third
dimension, the >N frequency region (Weber & Mueller, 1989;
Marion et al., 1989a,b; Zuiderweig & Fesik, 1989), or by
combinations of several two-dimensional spectra (Gronenborn
et al., 1989; Glore et al., 1988; Westler et al., 1988; Stockman
et al., 1989). These also provide chemical shift information
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for 1’N with bound protons. Currently, many of these tech-
niques require enriched proteins. In principle, genes encoding
for proteins from higher organisms can be cloned into mi-
croorganisms, but this remains a nontrivial task. For any
protein produced in liquid cultures, there is high expense for
culture media containing enriched >N compounds. Even for
microorganisms that can be grown on chemically defined
minimal media, there can remain problems of cell growth
yields. For example, the strain of Pseudomonas aeruginosa
discussed in this report grows on a complex medium (Parr et
al., 1976) to a cell density of about 5 g wet wt/L, while on
a minimal media utilizing ammonium chloride as the sole
source of assimilated nitrogen (Bryan et al., 1983), the gen-
eration time doubles and cell yields drop to about 1 g/L.
Therefore powerful motivation still exists for working at
natural abundance.

While progress in >N NMR spectroscopy of proteins is
accelerating, the data base of observed shifts is still small. The
ferrocytochrome ¢-551 from Pseudomonas aeruginosa has
been studied by inverse detection of its 1*N nuclei with attached
protons, and extensive assignments have been made. Cyto-
chromes ¢-551 from Pseudomonas function as electron
transport proteins in an analogous manner to cytochrome ¢
in mitochondria (Timkovich, 1979). The size (9300 kDa) of
P. aeruginosa cyt' ¢-551 makes it amendable to investigation

© 1990 American Chemical Society
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by NMR. A realistic, but long-term, goal is to completely
characterize its structure by multinuclear NMR spectroscopy.

MATERIALS AND METHODS

Protein was isolated and prepared for spectroscopy as de-
scribed previously (Timkovich et al., 1982). Spectra were
recorded on a Bruker AMS00 spectrometer operating at 500.13
MHz for protons and 50.70 MHz for nitrogen. Homonuclear
Hartmann—Hahn scalar correlation spectra were recorded as
described previously (Chau et al., 1990). Heteronuclear
correlation spectra were obtained by using inverse detection,
that is, polarization transfer from the low-sensitivity nucleus
(*SN) to the higher sensitivity nucleus and detection in the 'H
frequency region. Theoretical discussions have been presented
(Maudsley & Ernst, 1977; Maudsley et al., 1977, Muller,
1979), as well as details of performance (Bax et al., 1983;
Bruwiler & Wagner, 1986; Bax & Subramanian, 1986;
Sklenar & Bax, 1987). The following practical details were
found to be important factors in the present study in improving
the quality of spectra at natural abundance on samples of
limited solubility.

The 11.75-T magnet was mounted on airbags for isolation
from mechanical vibrations. Although the laboratory is free
of vibrations for all other purposes, this additional isolation
was necessary for the inverse spectroscopy. The 5-mm Bruker
probe used was equipped with an inner coil for proton exci-
tation and detection and an outer coil for broad-band exci-
tation, detection, or decoupling. Proton pulses were supplied
by the homonuclear decoupler transmitter locked in phase to
the receiver in the inverse mode. !*N excitation pulses were
supplied by the main spectrometer transmitter. Heteronuclear
broad-band decoupling during acquisition was achieved by use
of the GARP-1 sequence (Shaka et al., 1985). Pulses for this
were delivered by an 80-W broad-band transmitter driven by
an independent frequency synthesizer, which in turn was locked
to the master 10-MHz spectrometer oscillator. SN excitation
and decoupling pulses were routed through a stripline coupler
connected to the probe broad-band coil. This results in a less
than 1-db loss for the excitation pulse power but a 10-db loss
for decoupling pulses. The effective 1SN decoupling 90° pulse
was 110 ps, which corresponds to a decoupling bandwidth of
about 11 kHz with the GARP sequence. Heteronuclear de-
coupling added heat to the probe and sample, and this de-
termined 32 °C as the minimum temperature for spectra.
Pulse lengths and proper sequence operation were determined
on a test sample of >95% "N-enriched phthalimide. Enriched
potassium phthalimide was purchased from Merck Isotopes.
This potassium salt was dissolved in normal water and ex-
tracted three times with an equal volume of methylene chlo-
ride. The combined organic layers were dried to recover the
solid free base. A solution of 1 mg/mL of the free base in
deuterated chloroform was used as the test sample. The amide
doublet at 7.45 ppm (J(**N-'H) = 95.2 Hz) was very sensitive
to concentration and solvent. At higher concentrations or in
solvents with a higher moisture content, the amide broadened
and overlapped with the benzoid protons. Since the test sample
was observed at the proton frequency, the dilute concentration
was sufficient. In the inverse mode, >N pulse lengths were
determined by using a proton-detected DEPT experiment.

Heteronuclear decoupled spectra were obtained by using
the pulse sequence of Bax et al. (1983) in the TPPI mode in
which the phase of the first 90° N pulse was incremented

! Abbreviations: HOHAHA, homonuclear Hartmann—Hahn; TPPI,
time proportional phase incrementation; cyt, cytochrome; DEPT, dis-
tortionless enhancement by polarization transfer.

Timkovich

by 90° for the next t; value. Coupled spectra were obtained
by using the sequence of Bruhwiler & Wagner (1986). Al-
though only decoupled spectra will be shown, the coupled
spectra were important and useful, as noted by Wagner &
Bruhwiler (1986). At certain proton chemical shifts, una-
voidable ¢, ridges arose because of incomplete suppression of
intense proton signals associated with nonexchangeable aro-
matic resonances. Some correlation peaks in decoupled spectra
overlapped with these. In coupled spectra, the signals sepa-
rated from the ridges and allowed unambiguous observation.
The doublets in coupled spectra appear as antiphase peaks and
this appearance at the nearly constant splitting of 95-100 Hz
is a very powerful indicator of a correlation peak. Although
the decoupled spectra had higher signal-to-noise ratios than
coupled spectra, it was not simply the expected factor of 2.
The heteronuclear decoupling during acquisition appeared to
contribute a slight amount of noise to the receiver, which
limited the gain in signal to noise.

All spectra were recorded in 90% 'H,0-10% *H,0 buffered
to the appropriate pH with 50 mM potassium phosphate. The
proton transmitter was placed on the resonance of the intense
solvent peak. This was suppressed by using a jump-and-return
pulse (Plateau & Gueron, 1982) for the first proton excitation
pulse or by presaturation by a DANTE pulse train (Morris
& Freeman, 1978) comprised of 500-2000 3° proton pulses
separated by 200 us and phase cycled in conjunction with the
first proton excitation pulse. The number of small pulses was
adjusted from sample to sample to optimize the water sup-
pression. In principle, DANTE suppression of the water might
decrease intensity of amide protons through saturation transfer.
For cyt ¢-551 this did not appear to be a problem in practice,
since jump-and-return methods and DANTE revealed the
same correlation peaks. The signal-to-noise ratio in DANTE
experiments was better because of greater suppression and
hence a better dynamic range situation.

In typical experiments, the data matrix consisted of 2048
or 4096 data points in 12 over 14 ppm by 256 data points in
tl. A l-s relaxation time was used between acquisitions,
typically 200-800 per t1 value. Discarding four dummy scans
before averaging was critical for establishing the proper steady
state. The nitrogen dimension was examined from 0 to 190
ppm. Resonances corresponding to amines were not observed,
presumably because of rapid exchange with solvent. For the
highest digital resolution spectra, the nitrogen spectral width
was 100~140 ppm. Since there are no hardware filters in F1,
the resonances of His 16 and Arg 47 folded into these spectra.
However, these peaks were easily recognized as such by pre-
vious knowledge of their chemical shifts. Coupled spectra were
processed with apodization functions as suggested by Bruhwiler
and Wagner (1986), while decoupled spectra were processed
with shifted squared-sine functions or Gaussian functions as
described previously for HOHAHA spectra (Chau et al., 1990)
in order to facilitate comparisons.

Samples of the ferrocytochrome were prepared in sealed
5-mm sample tubes as described previously (Chau et al., 1990).
Concentrations examined ranged from 2 to 10 mM. In our
system, only the most intense correlation peaks were observable
at concentrations below 6 mM. Proton chemical shifts were
referenced nominally with respect to sodium 3-(trimethyl-
silyl)propanesulfonate, with internal dioxane at 3.74 ppm as
internal reference standard. Nitrogen shifts were referenced
nominally against liquid NH; with increasing shifts corre-
sponding to higher frequency. External 2.9 M NH,Cl in 1
M HCI was used to set the shifts as described by Srinivasan
and Lichter (1977). This reference standard was contained
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FIGURE 1: Comparison of a 'H-'H scalar correlation spectrum with
the 'H-'5N correlation spectrum as used in the '*N assignment process.
The top panel is a portion of the fingerprint region of a HOHAHA
spectrum of cyt ¢-551. It contains cross peaks due to scalar coupling
between the peptide NH and the « proton (indicated by “A™) and
relayed coupling to some 3 protons (indicated by “B”). The residue
is marked with the one-letter amino acid code and the sequence
position. The cross-hatched region contains peaks due to chemical
exchange between amides and the water solvent. The bottom panel
is a portion of the 'H-'5N correlation spectrum with the 'H dimension
along the horizontal axis and the 1N dimension along the vertical
axis. The arrows indicate the correspondence in the respective 'H
dimension that led to >N assignments.

in a Wilmad coaxial capillary inserted into a protein solution
or a solution of the same solvent used for the protein. The
absolute frequency of the reference compound was measured
and this was used to compute shifts for the protein spectra.
The reference capillary was not present during actual protein
data collection, but since the spectrometer operates with a
fixed-frequency deuterium lock tied to the highly stable master
oscillator, the lock system maintains the field at a constant
value so that the frequency comparisons are reliable. Another
method to reference SN chemical shifts is to use tetra-
methylsilane (for 'H) in nitromethane (for N) external to
the sample (Live et al., 1984). This relies on the fixed gy-
romagnetic ratio between 'H and N but depends on reference
frequencies observed in a nonaqueous solvent. The protein ’N
shifts referenced in this way are slightly different. To obtain
the latter values, subtract 1.56 ppm from the !N data at pH
4.6 and 32 °C, subtract 1.46 ppm from the data at pH 4.6
and 50 °C, subtract 1.42 ppm form the data at pH 4.6 and
60 °C, and subtract 1.55 ppm from the data at pH 9.4 and
32 °C.

RESULTS

The assignments of the !N resonances observed in heter-
onuclear correlation experiments are given in Table I. They
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FIGURE 2: Comparison of 'H-!SN correlation spectra for cyt ¢-551.
The bottom spectrum was recorded at 32 °C and pH 4.6, while the
top was recorded at 32 °C and pH 9.4. Note the disappearance of
cross peaks in the top spectrum associated with systems that exchange
rapidly with the solvent water and the changes in 'H chemical shifts.
The spectral simplification and the 'H shift changes were used to
remove overlap ambiguities in the assignment process.

were obtained from the previous assignments on the amide
protons (Chau et al., 1990). This is illustrated in Figure 1,
in which the correlation of the nitrogen amides for Val 78, Ser
67, and Gly 39 with the corresponding cross peaks in the
HOHAHA spectrum representing coupling between the amide
proton and the alpha carbon is obvious. The process was
complicated for a protein the size of c-551 by overlap in the
proton dimension. Ambiguity occurred such as that involving
Glu 41, Asn 9, Ala 71, Ala 75 or Ala 31, and Leu 74. In
principle, heteronuclear relay experiments could remove am-
biguity, but in our hands, the decline in sensitivity for samples
at natural abundance led to spectra that provided no additional
assignment evidence. Ambiguous cases were resolved by ex-
amining spectra at three different temperatures and two
different pH values, 9.4 and 10.6. The amide protons in
general are sensitive to temperature. As shown in Table I,
they shift by different amounts. By comparing HOHAHA
and heteronuclear correlation spectra at different temperatures,
it was possible to identify individual amides. As shown in
Figure 2, spectra at higher pH values were especially helpful,
because some amides now exchange too rapidly with the
solvent to be observed. The high pH spectra also serve as a
qualitative indication of the most rapidly exchanging amides
in the protein.

The indole ring nitrogens of Trp 56 and 77 were readily
assigned by the distinctive chemical shifts of their attached
protons, which in turn were observed and assigned by HOH-
AHA and NOESY spectra for the cytochrome. There is only
one histidine in P. aeruginosa cyt ¢-551 and it is also the iron
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Table I: 'H and !N Assignments for Reduced Pseudomonas aeruginosa Cyt c-551¢
pH 4.6, 32 °C pH 9.4, 32 °C pH 4.6, 50 °C pH 4.6, 60 °C
residue 'H 5N 'H N 'H N 'H BN
Main Chain Amides
Glu 1
Asp 2 8.39 123.4 8.22 123.1 8.12 123.2
Pro 3
Glu 4 8.02 117.4 8.04 117.8 7.97 117.7 7.93 117.8
Val § 7.12 121.3 7.01 121.4 7.10 121.1 7.08 121.0
Leu 6 7.59 122.1 7.54 122.1 7.51 122.3
Phe 7 8.34 120.6 8.27 120.9 8.26 120.7 8.20 120.9
Lys 8 6.99 115.6 6.88 115.7 6.96 116.0 6.94 116.0
Asn 9 8.82 120.4 8.79 120.8 8.74 120.4 8.69 120.4
Lys 10 8.98 117.2 8.94 117.3 8.89 117.2 8.82 117.3
Gly 11 7.92 107.0 7.82 107.1 7.7 107.0
Cys 12 8.52 122.1 8.43 122.2 8.46 121.8 8.42 121.7
Val 13 6.63 114.8 6.54 115.3 6.59 114.7 6.55 114.7
Ala 14 7.41 123.6 7.32 124.0 7.38 123.7 7.38 123.7
Cys 15 6.90 111.6 6.81 111.7 6.81 111.3 6.75 111.2
His 16 6.82 119.3 6.73 119.7 6.79 119.5 6.78 119.5
Ala 17 7.72 121.8 7.68 122.4 7.60 121.8 7.53 121.9
Ile 18 8.28 119.0 8.25 119.5 8.17 119.2 8.10 119.2
Asp 19 8.09 112.8 8.00 113.2 7.93 113.3
Thr 20 6.51 112.9 6.47 113.1 6.44 113.2
Lys 21 8.43 128.0 8.27 128.2 8.17 128.4
Met 22 7.35 130.9 7.28 130.9 7.25 130.6 7.20 130.7
Val 23 6.97 124.3 6.88 124.6 6.91 124.5 6.84 124.2
Gly 24 6.68 104.6 6.55 105.1 6.63 104.7 6.58 104.5
Pro 25
Ala 26 8.48 124.7 8.34 124.6 8.31 124.7 8.20 124.6
Tyr 27 7.56 124.3 7.49 125.8 7.47 124.4 7.43 124.5
Lys 28 8.90 118.8 8.80 119.0 8.77 118.9 8.68 119.0
Asp 29 6.79 121.2 6.75 121.3 6.73 121.1 6.69 121.1
Val 30 7.60 124.3 7.51 124.5 7.52 124.0 7.47 123.8
Ala 31 8.62 122.5 8.55 123.5 8.52 122.6 8.48 122.6
Ala 32 7.60 119.1 7.53 119.5 7.56 119.2 7.52 119.2
Lys 33 7.88 119.9 7.71 120.9 7.80 119.8 7.75 119.6
Phe 34 7.81 114.8 7.55 115.5 1.77 115.1 7.74 115.2
Ala 35 7.83 125.0 7.86 1249 7.84 124.9
Gly 36 8.88 111.4 8.73 111.2
Gln 37 7.89 121.6 7.82 121.7 7.77 121.8
Ala 38 8.97 132.6 8.79 132.2 8.68 132.2
Gly 39 9.07 111.2 8.95 111.5
Ala 40 7.68 124.0 7.57 124.0 7.64 124.1 7.62 1241
Glu 41 8.83 119.0 8.81 118.7 8.80 118.7
Ala 42 7.82 122.2 7.55 122.3 7.66 1224 7.54 122.4
Glu 43 7.78 120.7 7.61 120.6 7.69 120.7 7.64 120.6
Leu 44 8.65 118.9 8.45 120.2 8.56 119.2 8.48 119.2
Ala 45 8.41 122.8 8.29 122.7 8.22 122.7
Gln 46 7.44 117.1 7.18 116.4 7.39 117.0 7.34 117.0
Arg 47 7.69 121.2 7.61 120.9
[le 48 8.19 120.4 7.98 119.5 8.07 120.5 7.99 120.5
Lys 49 7.17 117.5 7.11 117.7 7.10 117.6 7.05 117.6
Asn 50 8.09 112.8 7.96 113.5 8.00 113.2 7.93 113.3
Gly 51 7.43 112.3 7.32 112.0 7.33 112.1 7.28 112.0
Ser 52 7.19 110.1 7.16 110.4 7.11 110.4 7.06 110.4
Gln 53 7.91 127.0 7.80 126.7 7.72 126.7
Gly 54 8.39 112.3 8.38 112.6 8.30 112.5 8.23 112.6
Val 5§ 10.41 129.4 10.43 129.2 10.30 129.2 10.22 129.1
Trp 56 10.74 122.7 10.60 123.0
Gly 57 797 111.1 8.03 111.3 7.93 111.1 7.92 110.9
Pro 58
Ile 59 7.48 124.0 7.42 124.1 7.42 123.8 7.35 123.6
Pro 60
Met 61 8.74 122.0 8.58 122.3 8.65 122.2 8.56 122.1
Pro 62
Pro 63
Asn 64 6.94 119.0 6.88 119.5 6.90 119.2 6.86 119.3
Ala 65 8.77 129.2
Val 66 7.69 115.1 7.62 115.4 7.61 115.5 7.55 115.5
Ser 67 9.15 120.1 9.21 120.0 9.07 120.3 9.02 120.2
Asp 68 8.93 122.5 8.81 122.6 8.73 122.6
Asp 69 8.45 119.9 8.35 119.7 8.28 119.6
Glu 70 7.88 123.1 7.80 122.8 1.77 123.2 7.70 123.2
Ala 71 8.82 123.0 8.77 122.9 8.74 123.0 8.70 123.1
Gin 72 8.08 119.1 8.06 119.1 8.06 119.2 8.01 119.2
Thr 73 8.24 119.3 8.16 119.6 8.14 119.5 8.08 119.5
Leu 74 8.61 123.6 8.53 123.6 8.53 123.6 8.48 123.6
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Table I (Continued)

pH 4.6, 32 °C pH 9.4, 32 °C pH 4.6, 50 °C pH 4.6, 60 °C
residue H N 'H BN 'H 5N 'H BN
Ala 75 8.81 124.2 8.76 124.2 8.74 124 4 8.69 124.2
Lys 76 8.20 117.5 8.13 117.6 8.15 117.5 8.11 117.5
Trp 77 7.91 122.5 7.78 1228 791 122.6 7.88 122.7
Val 78 9.21 125.5 9.11 125.6 9.09 125.3 9.01 125.1
Leu 79 7.76 1159 7.72 1159 7.69 116.1 7.64 116.1
Ser 80 7.49 114.9 7.41 115.0 7.46 115.1 7.42 115.0
Gin 81 7.19 122.3 7.12 122.8 7.14 1224 7.09 122.4
Lys 82 7.60 126.5 7.38 126.9 7.42 126.4 7.29 126.4
Side-Chain Nitrogens
His 16 N, 8.73 168.3 8.70 168.2 8.64 168.2 8.61 168.2
Arg 47T N, 7.30 86.7
Trp 56 indole 11.40 131.1 11.30 131.1 11.21 131.2
Trp 77 indole 10.13 132.2 10.08 132.2 10.04 132.1 9.98 132.1
pH 4.6, 32 °C pH 4.6, 50 °C pH 4.6, 60 °C
IH 1H lSN lH lH ISN IH lH lSN
Side-Chain Amides®

7.58 6.65 112.6

7.33 6.78 113.0
Asn 64 NH, 7.49 3.19¢ 119.3 7.32 118.8 7.21 3.14 118.6
Gin 81 NH, 5.66 5.14 111.3 5.53 111.3 545 5.08 111.0
Asn 9 NH, 7.58 6.93 112.6
Asn 50 NH, 7.57 6.79 113.7 7.44 6.69 113.6
Gln 53 NH;, 7.43 6.80 112.3

2Proton chemical shifts are given as observed in the proton—nitrogen correlation spectra, and slight differences from previous reports are due to
different conditions of temperature and pH and experimental error. Nitrogen chemical shifts are with respect to liquid ammonia as 0.000 ppm and
were established as described in the text. ?Of the eight side-chain amide spin systems in the protein, one has not been observed. The Asn 64 and Gln
81 side-chain amides have been assigned based on strong nuclear Overhauser enhancements to other protons in the side chain. Asn 9, Asn 50, and
Gln 53 have been assigned on the basis of similar evidence, but in these cases, the assignment is more tentative because the nuclear Overhauser
enhancements were weak. In the heteronuclear correlation spectra, the cross peaks for the side-chain amides disappear at high temperature and pH
due to rapid exchange with water. € This unusual proton shift is due to packing in the heme crevice. The proton experiences a large ring current shift

to lower frequency.

fifth ligand. Therefore only N, was observed. Its shift agrees
well with the ligand histidine observed in enriched Rhodos-
pirillum cyt ¢; by Yu and Smith (1988). The assignment of
the unique Arg 47 N, was straightforward for the same reason.
The guanidinium nitrogens of Arg 47 were not observed.
Guanidinium nitrogens of Arg 38 and Arg 91 were observed
in preliminary spectra of horse heart cyt ¢, so the failure in
P. aeruginosa cyt ¢-551 is not yet understood, although dif-
ferences in exchange rates with the solvent could be possible.

There are eight side-chain amides, -C(O)NH,, from Asn
and Gln residues in cyt ¢-551. 5N cross peaks were observed
for all but one, and the nitrogen assignment followed from the
previous proton assignment. The protons of Asn 64 and Gln
81 had been assigned on the basis of strong intraresidue nuclear
Overhauser enhancements to their respective 8 and v protons.
They have atypical proton shifts because of the unique prox-
imity of Asn 64 to the heme ring and Gln 81 to Trp 77. Asn
9, Asn 50, and Gln 53 had been similarly assigned on the basis
of intraresidue enhancements, but in these cases the cross peaks
were weak and the assignment is tentative. The remaining
residues are largely solvent exposed, and the amide protons
have not yet been assigned.

In general the 'SN chemical shifts of side-chain amides
resonate at lower frequency than most main-chain amides.
However, the spread of main-chain resonances for a protein
does cover this region, and so shift values alone are not ade-
quate for assignment. Spectroscopic methods have been
proposed for differentiation of NH and NH, nitrogens (Kay
& Bax, 1989). For cyt ¢-551 it was possible to do this in
simpler ways. The protons of NH, amides are inequivalent
because hindered rotation about the amide bond leads to a
cis/trans relation with respect to the carbonyl oxygen. In
heteronuclear correlation spectra, there are two proton cor-
relations at a single nitrogen shift. While useful, this alone

does not allow complete assignment, because the nitrogen
dimension is sufficiently crowded that many accidental
alignments occur for main-chain nitrogens. Persistent align-
ment at different temperatures and pH values would support
assignment, but for cyt ¢-551 the NH, resonances became
unobservable at elevated temperature or pH due to exchange.
As shown in Figure 3, HOHAHA spectra contained additional
information that led to unambiguous NHj, nitrogen assign-
ment. In the aromatic region of HOHAHA spectra, cross
peaks were observed for geminal coupling between the amide
protons, and these cross peaks could be correlated with nitrogen
resonances by the shared proton shifts.

5N chemical shift differences from values expected for
random coil peptides were computed on the basis of the values
given by Glushka et al. (1989, 1990) and are presented in
Table II.

DISCUSSION

The nitrogen assignments for ¢yt ¢-551 provide evidence for
confirmation of some of the original proton assignments. The
assignment of glycine residues is substantiated in the hetero-
nuclear correlation spectra, because these amide protons are
attached to nitrogens with chemical shifts indicative of glycines.
The chemical shift of the glycine amide is at a low frequency
compared to that of other peptide amides, because of the
increased shielding by the glycine « carbon with two « protons.
The assignments of side-chain protons for His 16 N, Arg 47
N,, and the tryptophan indoles are confirmed by the chemical
shift for the bonded nitrogen. The identifications of amide
side-chain protons as such are also confirmed by the nitrogen
shifts, although the precise assignment to individual residues
is not.

The ring current of the diamagnetic ferrous heme in cyt
¢-551 shifts some protons to very unusual chemical shifts. To



7778 Biochemistry, Vol. 29, No. 33, 1990

Timkovich

Table IT: Comparison of Observed and Random Coil *N Chemical Shifts

residue obsd®  pred® diffe substruct? residue obsd? pred? diffe substruct?
Glu 1 Ala 40 1240 1243 -0.37]
Asp 2 1234 122.1 1.3 Glu 41 119.0 1206 -1.6
Pro 3 ] Ala 42 122.2 126.2 -4.0
Glu 4 117.4 122.5 -5.1 Glu 43 120.7 120.6 0.1
Val 5 121.3 121.7 -0.4 Leu 44 118.8 123.8 =5.0 = a helix
Leu 6 122.1 125.3 ~3.2 = «a helix Ala 45 1228 126.2 -34
Phe 7 120.6 122.8 -2.2 Gln 46 117.1 122.3 -5.2
Lys 8 115.6 1260 -104 Arg 47 121.2 126.6 -5.4
Asn 9 120.4 123.7 -33 Ile 48 1204 123.0 -2.6
Lys 10 117.2 126.0 -8.8 ] Lys 49 117.5 1285 -11.0
Gly 11 107.0 111.2 -42  type I turn Asn 50 112.8 123.7 ~10.9 ]
Cys 12 122.1 119.2 2.9 Gly 51 112.3 111.2 1.1 = extended
Val 13 114.8 121.7 -6.9 (— distorted 3,4 helix Ser 52 110.1 115.6 -5.5
Ala 14 123.6 127.7 -4.1 Gln 53 127.0 1242 2.8
Cys 1S 111.6 119.2 -7.6 Gly 54 1123 111.2 1.1
His 16 119.3 123.7 -4.4  heme ligand Val 55 1294 1198 9.6
Ala 17 121.8 126.2 -4.4) Trp 56 122.7 125.6 -2.9 =8 bend
lle 18 119.0 121.1 -2.1 |- B bend Gly 57 111.1 111.2 -0.1
Asp 19 112.8 1246 -11.8 Ile 59 1240 1211 2.9
Thr 20 112.9 112.4 0.5 Pro 60 7
Lys 21 128.0 126.0 2.7 Met 61 122.0 122.1 -0.1 r=heme ligand-polyproline helix
Met 22 130.9 122.1 8.8 Pro 62
Val 23 124.3 123.2 1.1 pe= loop Pro 63 i
Gly 24 104.6 112.7 -8.1 Asn 64 119.0 1237 -4.77]
Pro 25 Ala 65 129.2 1262 3.0
Ala 26 124.7 126.2 -1.5] Val 66 115.1 119.8 -4.7 |=extended
Tyr 27 124.3 122.0 2.3] Ser 67 120.1 119.0 1.1
Lys 28 118.8 126.0 =72 Asp 68 122.5 122.1 0.47
Asp 29 121.2 122.1 ~-0.8 Asp 69 119.9 1221 =22
Val 30 124.3 121.7 2.6 = « helix Glu 70 123.1 122.5 0.6
Ala 31 122.5 127.7 =52 Ala 71 123.0 1262 -3.2'
Ala 32 119.1 124.3 =52 Gln 72 119.1 122.3 -3.2
Lys 33 119.9 124.1 -4.2 ] Thr 73 119.3 1124 6.9
Phe 34 114.8 122.8 -8.0 Leu 74 123.6 123.8 -0.2
Ala 35 125.0 126.2 -1.2 f=type II 3,, loop Ala 75 1242 126.2 ~-2.0 o helix
Gly 36 111.4 109.3 2.1 Lys 76 117.5 124.1 -6.6
Gin 37 121.6 122.3 -0.7.] Trp 77 122.5 124.1 -1.6
Ala 38 132.6 126.2 6.4 Val 78 125.5 121.7 3.8
Gly 39 111.2 109.3 1.9 Leu 79 1159 1253 -9.4
Ser 80 1149  117.5 -2.6
Gin 81 1223 124.2 -1.9
Lys 82 126.5 126.0 0.5}

?QObserved shift at pH 4.6 and 32 °C in parts per million. ?Predicted value for a random coil peptide, computed as described by Gluska et al.
(1989, 1990). °Difference as observed minus predicted. 4 Qualitative description of the secondary structure for the indicated span. Taken from
Matsuura et al. (1982), where the elements of secondary structure are defined and described in more detail. These descriptions are somewhat

subjective, but the reference also provides precise torsional angles.

a first approximation, the ring current effect is a local induced
field effect and so should scale in units of parts per million.
If a proton experiences a ring current shift of 3 ppm, a het-
eronucleus occupying the same relative position with respect
to the ring should experience approximately a 3 ppm shift with
respect to its resonant frequency. Since the range of N shifts
is so large, this type of effect is not as evident. The impact
of the heme ring current on *N shifts in cyt ¢-551 is not readily
apparent. For example, the amide side-chain proton of Asn
64 is shifted to about 3 ppm from a typical value of about 7,
while the attached nitrogen resonates at a very typical 119
ppm.

Examination of Table I indicates that the !N chemical
shifts in ¢-551 are not very temperature sensitive. At the
nitrogen frequency, variations on the order of 0.1 ppm cor-
respond to 5 Hz. The attached proton can shift by up to 0.3
ppm, or 150 Hz, over the same temperature range, for exam-
ple, Asp 2. The amide protons consistently move to lower
frequency with increasing temperature, while the nitrogen may
move higher (e.g., Glu 4) or lower (Cys 12) or stay constant
(Asn 9). With respect to pH, the proton and nitrogen shifts
also do not obviously correlate. Factors that influence the
observed shifts with respect to temperature and pH range from
a slight bias due to the absolute resonant frequencies of the

shift reference standards, to more significant structural features
such as local conformations, hydrogen bond lengths, and amide
exchange with the solvent. It has been demonstrated that the
chemical shifts of amide protons do follow empirical rules. For
example, the difference between the chemical shift of an amide
proton and its expected or random coil value is correlated with
the length of any hydrogen bond involving the proton (Pardi
et al., 1983). The behavior of nitrogen nuclei to conditions
could not have been predicted a priori, but it was surprising
that there seemed to be no link to the behavior of the attached
proton. This does not mean that the nitrogen shifts are ran-
dom, but it does suggest that the mechanisms are complex.
Larger data sets for 1N shifts in proteins will be required to
investigate these.

The sensitivity of the inverse-detected '*N resonances to pH
was beneficial in the assignment process, because when a subset
disappeared due to faster solvent exchange, considerable
spectral simplification occurred. But this will be a major
drawback to studies investigating the pH behavior of nitrogen
nuclei. For example, one of the goals of this project was to
follow the behavior of N, of Arg 47 with change in pH, since
it is involved in a hydrogen bond to the inner propionate and
the latter has been shown to titrate with a pK near 7 [Chau
et al. (1990) and references cited therein to previous workers].
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FIGURE 3: Identification of side-chain amide systems in cyt ¢-551.
The upper panel is a portion of aromatic region of the HOHAHA
spectrum, while the bottom panel is the 'H-'*N correlation spectrum.
The vertical arrows mark the correspondence between the 'H chemical
shift in both spectra for one of the NH, protons. The horizontal arrows
indicate how each !*N is correlated to two 'H resonances. Note that
these are aligned with HOHAHA peaks on the other side of the
diagonal in the HOHAHA spectrum.

Not only was this nitrogen unobservable but the cross peak
due to N, of Arg 47 disappeared at high pH.

Table II compares the observed '°N shifts in cytochrome
¢-551 with values for a random coil peptide as given by Gluska
et al. (1989, 1990). These authors were not able to correlate
systematic differences between random coil values and ob-
served values in basic pancreatic trypsin inhibitor and apamin,
with the exception of a correlation with torsional angles for
extended sections of 8 sheets. Unfortunately, there is no 3
sheet secondary structure in ¢yt ¢-551 to test this correlation
in the present case. Inspection of the differences in Table 11
with respect to secondary structure does not reveal any clear
correlations. In general, the random coil model may predict
shifts slightly too high for a protein, because of the prepon-
derence of negative differences, especially in regions of « helix.
However, positive differences do appear even in a helix, such
as Val 30, Thr 73, and Val 78. In the crystal structure of cyt
¢-551 (Matsuura et al., 1982), there is nothing distinctive about
these residues in terms of their torsional angles or hydrogen
bonding patterns. The range of differences in the helical
segments is puzzling, since the residues have highly comparable
hydrogen bonds and there does not appear to be a correlation
with location near any end of the helix or with respect to the
protein surface. Two of the largest differences in the table,
Asp 19 and Val 55, are involved in 3 bends, but the sign of
the differences are opposite and they do not occupy corre-
sponding positions in the bend. Met 22 was reported in the
crystal structure to have unusual ¢ and ¢ torsional angles
(-113,-101), and this residue does indeed have a significant
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positive shift difference. Val 55 has a comparable shift dif-
ference, but its torsional angles in the crystal structure (=76,
—37) are not significantly different from the average angles
for a-helical residues in cyt ¢-551 (66, —39).

The paucity of correlations may be due to imperfections in
the random coil model. This is not a criticism of the work of
Gluska et al. (1989, 1990), because they very systematically
and thoroughly considered and incorporated the best random
coil peptide data currently available. The peptide data set itself
does not seem to adequately represent globular proteins. One
can speculate that in globular proteins, the relatively fixed
conformations may establish local fields, especially from the
sum of all surrounding dipoles that influence the SN shift,
whereas these are averaged or nonexistent in small peptides.
The solvent dependence of 1*N shifts in small peptides qual-
itatively supports such a contention. A satisfactory quantitative
model for proteins will require more extensive data than
currently available.

Registry No. Cyt ¢-551, 9048-77-5.
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CORRECTIONS

Synthesis and Biophysical Characterization of Engineered
Topographic Immunogenic Determinants with aa Topology,
by Pravin T. P. Kaumaya,* Kurt D. Berndt, Douglas B.
Heidorn, Jill Trewhella, Ferenc J. Kezdy, and Erwin Goldberg,
Volume 29, Number 1, January 9, 1990, pages 13-23.
Page 14. In Figure 1, there should not be an equilibrium
sign between the tetramer of single helices and the dimer of

double helices.

Page 18. In column 2, line 39, dissociation constant of 1.18
x 10718 M? should read dissociation constant of 2.3 X 10 M.

Page 19. In line 14 of the caption of Figure 4, Ky = 2.4
X 1076 M should read Ky = 2.3 X 107 M,

Page 22. Incolumn 1, lines 38 and 39, dissociation constant
of 1.18 x 107!8 M3 should read dissociation constant of 2.3

X 1078 M.

A New Bifunctional Spin-Label Suitable for Saturation-
Transfer EPR Studies of Protein Rotational Motion, by
Michael D. Wilcox,* J. Wallace Parce, Michael J. Thomas,
and Douglas S. Lyles, Volume 29, Number 24, June 19, 1990,

pages 5734-5743.

Page 5735. The correct structure of the bifunctional spin-

label (BSL) is
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