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ABSTRACT: Assignments for 'H NMR resonances of 121 of the 129 residues of hen egg white lysozyme
have been obtained by sequence-specific methods. Spin systems were identified with phase-sensitive two-
dimensional (2-D) correlated spectroscopy and single and double relayed coherence transfer spectroscopy.
For key types of amino acid residues, particularly alanine, threonine, valine, and glycine, complete spin systems
were identified. For other residues a less complete definition of the spin system was found to be adequate
for the purpose of sequential assignment. Sequence-specific assignments were achieved by phase-sensitive
2-D nuclear Overhauser enhancement spectroscopy (NOESY). Exploitation of the wide range of hydrogen
exchange rates found in lysozyme was a useful approach to overcoming the problem of spectral overlap.
The sequential assignment was built up from 21 peptide segments ranging in length from 2 to 13 residues.
The NOESY spectra were also used to provide information about the secondary structure of the protein
in solution. Three helical regions and two regions of 3-sheet were identified from the NOESY data; these
regions are identical with those found in the X-ray structure of hen lysozyme. Slowly exchanging amides
are generally correlated with hydrogen bonding identified in the X-ray structure; a number of exceptions
to this general trend were, however, found. The results presented in this paper indicate that highly detailed
information can be obtained from 2-D NMR spectra of a protein that is significantly larger than those studied

previously.

Hen egg white lysozyme, an enzyme containing 129 amino
acid residues, was one of the first proteins to be studied by
NMR! (Meadows et al., 1967; McDonald & Phillips, 1967;
Sternlicht & Wilson, 1967; Cohen & Jardetsky, 1968). At
an early stage it was found that many resonances in the
complex '"H NMR spectrum are strongly perturbed by mag-
netic interactions within the folded protein (McDonald &
Phillips, 1967; Sternlicht & Wilson, 1967). This results in
a number of individual resonances being sufficiently well re-
solved to be observed separately from the mass of overlapping
signals. Assignments for these resolved resonances were
proposed, initially on the basis of calculations of ring-current
shifts associated with aromatic residues, with the assumption
that the structure of the protein in solution was identical with
that defined in the crystalline state by X-ray diffraction studies
(Sternlicht & Wilson, 1967; McDonald & Phillips, 1970).

* This work was supported by the U.K. Science and Engineering Re-
search Council. This work is a contribution from the Oxford Enzyme
Group which is supported by the SERC.
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The number of assignments in the spectrum of lysozyme has
increased steadily over the last 15 years as higher field spec-
trometers have become available and as new methods for
resolving and identifying resonances have been developed.
Assignments have been reported for protons of some 50 of the

! Abbreviations: NMR, nuclear magnetic resonance; 2-D, two di-
mensional; lysozyme, hen egg white lysozyme; COSY, two-dimensional
J-correlated spectroscopy; RELAY, two-dimensional relayed coherence
transfer spectroscopy; TM, trapezoidal multiplication; DM, double ex-
ponential multiplication; NOE, nuclear Overhauser enhancement;
NOESY, two-dimensional NOE spectroscopy; type J, amino acid residue
belonging to the group consisting of Trp, Tyr, Phe, His, Asp, Asn, Cys,
and Ser; type U, amino acid residue belonging to the group consisting
of Lys, Arg, Met, Gln, Glu, Leu, and Ile; type X, any of the 20 common
amino acid residues; d,n(7/), NOE connectivity between the «CH proton
on residue / and the NH proton on residue j; dyn(ij), NOE connectivity
between the NH proton on residue i and the NH proton on residue j;
dgn(iy), NOE connectivity between the SCH proton on residue i and the
NH proton on residue j; don, dan(fi+1); dun, dan(iit1); dpn,
dgn(i,i+1); dps, NOE connectivity between the «CH proton on residue
i and the 6CH proton on proline residue i + 1.
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129 amino acid residues of lysozyme (Meadows et al., 1967,
Campbell et al., 1975a; Chapman et al., 1978; Dobson et al.,
1978; Cassels et al., 1978; Lenkinski et al., 1979; Poulsen et
al., 1980; Delepierre et al., 1982, 1984; Redfield et al., 1982;
Hore & Kaptein, 1983). Most of these were achieved with
one-dimensional techniques, and the majority of the resonances
were of side-chain protons. All have relied to at least some
extent on the broad similarity of the crystal and solution
structure of the protein. Two-dimensional techniques, however,
have been shown to be of considerable value in the spectroscopy
of hen lysozyme (Boyd et al., 1983, 1985a) and have been used
extensively in the assignment of the spectrum of the closely
related human lysozyme (Boyd et al., 1985b).

The availability of the assignments has permitted detailed
studies of individual residues of the protein to be carried out.
As well as investigation of the overall structure of the molecule
in solution, considerable emphasis has been placed on dynamic
properties of the protein (Campbell et al., 1975b; Poulsen et
al., 1980; Blake et al., 1981). These range from local fluc-
tuations of side chains (Olejnizcak et al., 1981) to the events
associated with hydrogen exchange (Wedin et al., 1982; De-
lepierre et al., 1983) and the cooperative folding and unfolding
of the structure (Dobson & Evans, 1984). In addition, studies
have recently been extended to the unfolded state of the
protein, where assignments have been made by correlating the
spectra of the different states with magnetization transfer
techniques (Dobson et al., 1984).

In this paper we report a detailed analysis of 2-D NMR
spectra directed toward assignment of the 'H spectrum of hen
lysozyme by sequential methods. This approach does not
require any assumption about the structure of the protein but
does require very extensive analysis of cross-peaks in COSY
and NOESY experiments. The approach has recently been
used to assign in detail a number of proteins containing up
to about 100 residues (Arseniev et val., 1982; Wagner &
Wiithrich, 1982; Keller et al., 1983; Strop et al., 1983; Zui-
derweg et al., 1983; Holak & Prestegard, 1986; Klevit et al.,
1986; Kline & Wiithrich, 1986; Wagner et al., 1986; Clore
et al., 1987; Cooke et al., 1987; Driscoll et al., 1987; Suku-
maran et al., 1987) although the task becomes increasingly
difficult as the number of residues increases. Nevertheless,
we have been able to achieve almost total assignment of the
main-chain resonances in lysozyme, a protein of 129 residues.
In addition, assignments have enabled independent determi-
nation of the secondary structure of lysozyme in solution and
permitted a comparison with the structure in the crystalline
state. They have also enabled assignments made on the basis
of nonsequential methods to be checked. The existence of
resonance assignments for virtually every residue (125 out of
129) of lysozyme offers opportunities for increasingly detailed
study of the structure and dynamics of an enzyme in solution.

MATERIALS AND METHODS

Hen lysozyme was obtained from Sigma Chemical Co. and
was dialyzed extensively at pH 3 before use. All NMR sam-
ples were 7 mM in lysozyme at pH 3.8, and experiments were
run at 35 °C. Lysozyme samples were prepared in four ways
in order to exploit the wide range of hydrogen exchange rates
exhibited by the protein. Nonexchanged lysozyme was pre-
pared by dissolving 50 mg of lyophilized protein in 0.5 mL
of 90% H,0/10% D,0 at 35 °C; the spectrum of a sample
prepared in this way contains resonances from all amide hy-
drogens. Fully exchanged lysozyme was prepared by dissolving
the protein in D,O and heating at 80 °C for 10 min; the
spectrum of a sample prepared in this way does not contain
resonances from any labile hydrogens. Partly exchanged ly-
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sozyme was prepared by dissolving the protein in 99.98% D,0O
at 35 °C; the spectrum of such a sample contains resonances
from slowly exchanging amide hydrogens. Reverse-exchanged
lysozyme was prepared by dissolving lyophilized, fully ex-
changed lysozyme in 80% H,0/20% D,0 at 35 °C; the
spectrum of such a sample contains resonances from rapidly
exchanging amide hydrogens (Keller et al., 1983). Back-ex-
change of slowly exchanging amides in the reverse-exchanged
samples was avoided by first adding 0.1 mL of D,O to the
lyophilized protein and then bringing the volume up to 0.5 mL
with H,O.

All the NMR experiments were performed on the home-
built 500-MHz spectrometer of the Oxford Enzyme Group.
The spectrometer is equipped with an Oxford Instruments Co.
magnet, a GE/Nicolet 1280 computer and 293B pulse pro-
grammer, and a Bruker probe. Phase-sensitive J-correlated
spectroscopy (COSY) (Aue et al., 1976; Bax & Freeman,
1981) and single and double relayed coherence transfer
spectroscopy (RELAY) (FEich et al., 1982; Bax & Drobny,
1985) experiments were performed according to the method
of States et al. (1982) and with standard phase cycling
schemes. Data s=ts consisting of 512 ¢, increments of 64, 96,
and 128 transients were collected for the COSY, RELAY, and
double-RELAY experiments, respectively. Each experiment
took between 9.5 and 24 h to complete. A sweep width of 7042
Hz was used in both dimensions. In RELAY and double-
RELAY experiments mixing periods (27) of 36 ms were used.
Spectra were resolution enhanced in ¢, by trapezoidal mul-
tiplication (TM) and double exponential multiplication (DM)
and in t; by TM only. After zero filling twice in the ¢, di-
mension and once in #,, the digital resolution was 3.5 Hz/point.

Phase-sensitive NOESY spectra (Jeener et al., 1979; Anil
Kumar et al., 1980) were obtained by a different procedure.
Sign discrimination in F; was achieved by placing the trans-
mitter offset at the downfield edge of the spectrum. This
procedure eliminates the “anti-diagonal”, which often runs
through 2-D spectra obtained with the transmitter offset placed
in the center of the spectrum. A sweep width of 14084 Hz
was used in both dimensions. Prior to complex Fourier
transformation in ¢, the imaginary part of the data set was
zeroed. A mixing time of 150 ms which was randomly varied
by 10% was used in all NOESY experiments (Macura et al.,
1981). Data sets consisting of 512 ¢, increments of 4K data
points were collected. Spectra were resolution enhanced in
t, by TM and DM. No resolution enhancement was used in
the ¢, dimension. After zero filling, the digital resolution was
7.0 Hz/point.

All spectra are presented as contour plots. In COSY, RE-
LAY, and double-RELAY spectra both positive and negative
levels are shown; in NOESY spectra only positive levels are
shown. The contours are spaced logarithmically, so that the
nth level corresponds to an intensity of 0.7” times the chosen
scaling factor. In all spectra presented here the horizontal and
vertical axes represent F, and F,, respectively.

RESULTS AND DISCUSSION

The fingerprint region of the COSY spectrum of hen ly-
sozyme is shown in Figure 1. The assignment of the NH—
aCH cross-peaks in this spectrum was carried out by the
standard two-stage procedure (Wiithrich, 1986). The first
stage involved the assignment of each cross-peak to a type of
amino acid. Information about coupled spin systems was
obtained from experiments, such as COSY and RELAY,
which exploit through-bond scalar couplings. At this stage
some cross-peaks could be assigned to a unique amino acid
type whereas others could be assigned only to more general
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FIGURE 1: Fingerprint region of the phase-sensitive 500-MHz COSY spectrum of nonexchanged hen lysozyme. Both positive and negative
contour levels are plotted with a scaling factor of 150; cross-peaks in boxes are plotted at a lower level with a scaling factor of 50. Cross-peaks
from W108 and I88 were lost because of saturation of the water peak.

classes of amino acid types. The specificity of the assignment
at this first stage depended on whether the complete spin
system could be identified and to what extent the topology of
the spin system was unique. The second stage involved the
assignment of the cross-peaks to specific amino acid residues
in the protein sequence. The NOESY spectrum was searched
for sequential NOE effects involving neighboring NH, «CH,
and BCH protons. Short peptide segments were built up from
these sequential NOE effects. The sequences of these peptide
segments were compared with the known lysozyme sequence.
Sequence-specific assignments were obtained when there was
a unique occurrence of the peptide segment in the protein
sequence. This method of assignment has been discussed in
detail by Wiithrich and co-workers (Billeter et al., 1982;
Wiithrich, 1986).

Analysis of Spin Systems. Hen lysozyme is composed of
129 amino acid residues including 2 proline residues. The
fingerprint region of the COSY spectrum should, therefore,
contain 127 cross-peaks (or pairs of cross-peaks in the case
of glycine). At the contour level chosen, cross-peaks from 110
amino acid residues can be seen in the COSY spectrum in
Figure 1. At a lower contour level cross-peaks from an ad-
ditional 10 amino acid residues are visible as illustrated in the
boxed regions of Figures 1 and 2. There are several possible

reasons for the absence of some cross-peaks. First, intensity
may be very low because of either a small NH-aCH coupling
constant or a large line width; overlap of antiphase components
in the COSY spectrum leads to cancellation of most of the
cross-peak intensity (Neuhaus et al., 1985). Second, irradi-
ation of the H,O resonance can lead to loss of cross-peak
intensity for two reasons (Wiithrich, 1986). If the «CH
resonance overlaps with the strong H,O signal at 4.65 ppm,
then the NH-aCH cross-peak will disappear when the «CH
resonance is saturated along with the solvent. This problem
was overcome by collecting spectra at different temperatures
since the H,O resonance shifts significantly with temperature.
At 35 °C two cross-peaks are obscured by the solvent line, but
both are seen at 55 °C. One of these peaks has a slowly
exchanging amide and can be seen in the partly exchanged
spectrum at 35 °C. In addition, cross-peaks can be lost if
saturation is transferred from the suppressed H,O signal to
rapidly exchanging amide protons. The experiments shown
here were carried out at pH 3.8, near to the pH minimum for
hydrogen exchange, and none of the backbone amide reso-
nances were significantly affected by saturation of the water
resonance. With the additional two peaks identified in the
high-temperature spectrum, NH-«CH cross-peaks from a
total of 122 residues have been identified, indicating that
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FIGURE 2: Expansions of the fingerprint region of the phase-sensitive 500-MHz COSY spectrum of nonexchanged hen lysozyme plotted at
two different contour levels. Positive and negative contours are plotted with solid and broken lines, respectively. Spectra in a and ¢ are plotted
with a scaling factor of 150. Spectra in b and d are plotted with a scaling factor of 50; cross-peaks of G54, 155, and 872 are visible in these

spectra.

cross-peaks from 5 amino acid residues have not been detected.
The majority of cross-peaks in the fingerprint region of the
spectrum have the same antiphase fine structure and cannot
be assigned to an amino acid type on the basis of their ap-
pearance in the COSY spectrum alone. The cross-peaks of
glycine, however, have a unique fine structure pattern that
results from the coupling of the NH to two aCH protons.
Pairs of cross-peaks from all 12 glycine residues can be seen
in Figures 1 and 2; the overlap of cross-peaks from two glycine
residues, G71 and G117, is overcome at 55 °C.
Fingerprint-region cross-peaks of alanine, threonine, valine,
isoleucine, and leucine can also be identified uniquely if a
connectivity between the NH and the methyl peaks can be
established. These connectivities can be identified in COSY,
RELAY, and double-RELAY experiments. Complete spin
systems can be traced through COSY spectra unambiguously
when resonances have unique chemical shift values. However,
resonance overlap becomes an increasing problem as the
number of residues increases; in this study additional data from
RELAY and double-RELAY spectra were required to allow
unambiguous analysis of COSY spectra and the identification
of spin systems. All 12 alanine spin systems of lysozyme were
identified from NH-BCHj cross-peaks in RELAY spectra as
shown in Figure 3. The connectivity between the NH and
4CH,; groups of threonine, valine, and isoleucine could be most
clearly established from NH-yCH; cross-peaks in double-
RELAY spectra; cross-peaks for several threonine and valine
residues of lysozyme are shown in Figure 3. In the absence
of double-RELAY peaks, spin systems of these residues were
identified from NH-GCH and «CH-4CH; RELAY peaks
and from NH—yCH;, NH-BCH, and aCH—yCHj cross-peaks
in NOESY spectra; cCH-vCH; RELAY peaks for several
valine and threonine residues are shown in Figure 4. By use
of a combination of these experiments, fingerprint-region
COSY peaks for six of seven threonine residues, five of six
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FIGURE 3: Phase-sensitive 500-MHz double-RELAY spectrum of
nonexchanged hen lysozyme. NH-BCH; peaks of all 12 alanine
residues and NH-yCHj peaks of one valine and four threonine residues
are labeled. The alanine peaks were assigned unambiguously because
they also appear in the RELAY spectrum. The valine and threonine
peaks appear in the double-RELAY spectrum only.

valines, and three of six isoleucines were identified. The «CH
resonance of the seventh threonine is at a position where there
are no NH-aCH cross-peaks in the COSY spectrum; this
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FIGURE 4: The 500-MHz phase-sensitive RELAY spectrum of fully
exchanged hen lysozyme. «CH—yCH; RELAY peaks of five threonine
and four valine residues are labeled.

threonine accounts for one of the five missing COSY cross-
peaks. No data are, at this stage, available for the NH and
the «CH positions of the sixth valine spin system although the
BCH and yCH; resonances were identified. The SCH and
+CH; positions of the three remaining isoleucine residues were
identified, but the NH and «CH positions for these residues
were not found. Identification of the vYCH,~8CHj; resonances
of the isoleucine spin systems was carried out on the basis of
NOE effects between the SCH, yCH,, ¥CH,, and 6CH;,
resonances. In principle, the «CH position of a leucine residue
can be identified from pairs of «CH-8CHj cross-peaks in
double-RELAY spectra; none of the eight leucine residues in
lysozyme, however, gives rise to detectable peaks. RELAY
peaks between SCH and 8CHj resonances were, nevertheless,
observed for some of the leucine residues. The oCH position
of a leucine can be identified by an alternative approach using
NOE effects. The «CH proton is always in close proximity
(<2.5A) to one of the 3CH, groups, and a strong NOE should
be observed between these resonances. In general, this is the
closest «CH to the 3CH; group, although the NOE effect may
be difficult to assign unambiguously when several methyl
resonances overlap or when the methyl group gives effects to
more than one «CH resonance position. The NH position of
the leucine can then be identified from the NH-«CH COSY
peak and from NH-3CH RELAY peaks. Fingerprint-region
cross-peaks for two of the eight leucine residues were identified
unambiguously in this way.

The glycines and the five methyl-containing residues account
for 51 of the 129 amino acid residues of lysozyme. At this
stage, cross-peaks in the fingerprint region arising from 40
residues have been assigned uniquely to one of these six residue
types, and in addition, one of the five missing cross-peaks has
been accounted for by a threonine residue. The 78 remaining
residues in lysozyme fall into three categories. First, the proline
residues do not have an amide proton and do not give a peak
in the fingerprint region. The two remaining categories can
be distinguished, in principle, on the basis of SCH chemical
shift values and cross-peak fine structure patterns. The SCH
chemical shifts were obtained from COSY spectra when the
«CH resonance was resolved or otherwise from the NH-SCH
peaks in RELAY spectra. Eight types of amino acid residues

REDFIELD AND DOBSON

(Asp, Asn, Tyr, His, Phe, Trp, Ser, Cys) have two SCH
protons and no yCH protons. In fully exchanged COSY
spectra the «CH and BCH cross-peaks have easily recognizable
fine structure patterns characteristic of AMX spin systems.
In random coil structures these residues have SCH chemical
shifts in the range 2.75-3.9 ppm (Bundi & Wiithrich, 1979).
In this study, spin systems with BCH resonances downfield
of 2.5 ppm and «CH~BCH cross-peak patterns characteristic
of AMX spin systems were assigned to this group of eight
residues and are classified as type J.> The observation of NOE
effects between certain aromatic ring protons and the 3CH
protons has been used by other workers to distinguish tryp-
tophan, tyrosine, phenylalanine, and histidine residues from
the other four type J spin systems (Wiithrich, 1986). In view
of the large number of type J residues and the overlap in the
BCH region of the spectrum, this distinction was not made
at this point. Instead, these NOE effects were used at a later
stage to reinforce assignments of NH-«CH cross-peaks arising
from aromatic residues. Hen lysozyme contains 52 type J
residues, and 29 of these could be unambiguously identified
on the basis of the COSY and RELAY spectra. The five
remaining types of residues (Met, Lys, Arg, Gln, Glu) have
BCH protons that are coupled to two YCH protons. Reso-
nances beyond the 3-position are usually difficult to identify
because the large number of coupled protons gives rise to
complex coupling patterns in which overlap of antiphase
components leads to cancellation of cross-peak intensity and
because the similarity of BCH and yCH chemical shifts can
give rise to cross-peaks close to the diagonal. In random coil
structures these five residues have CH chemical shifts in the
range 1.7-2.2 ppm (Bundi & Wiithrich, 1979). In this study
spin systems with BCH resonances upfield of 2.3 ppm were
assigned to this group of residue types and are classified as
type U. The eight leucine and isoleucine residues that were
not identified above also fall into the type U category. Hen
lysozyme contains 32 type U residues; 14 of these were un-
ambiguously identified on the basis of COSY and RELAY
spectra. There are 39 fingerprint-region cross-peaks in the
COSY spectrum which, at this stage of the analysis, could not
be assigned to a particular group of amino acid residues; these
are classified as type X.

Sequential Assignments. The second stage of assignment
involves the correlation of a cross-peak in the fingerprint region
with a specific amino acid residue in the protein sequence. The
NOESY spectrum of hen lysozyme was searched for sequential
dans dan. and dgy connectivities (Wilthrich et al., 1984,
Wiithrich, 1986); the dyn and d, connectivities identified in
the NOESY spectrum are shown in Figures 5 and 6 and are
summarized in Figure 7. The length of a sequentially assigned
peptide segment is limited by several factors. Overlap of the
NH resonances of two neighboring residues prevents the
identification of a dyn connectivity and leads to a break in
the sequential assignment. Similarly, overlap of an «CH
resonance with the solvent resonance can result in a missing
d,~ connectivity because the «CH resonance is saturated along
with the solvent. Proline residues in the sequence can also lead
to breaks; the d_p; connectivities observed for proline are more
difficult to assign unambiguously than the d,y connectivities
seen for the other amino acids. Some of these problems were
overcome, for example, by collecting spectra at different
temperatures or by searching NOESY spectra for dgy con-
nectivities. Overlap of NH or «CH chemical shifts can also
lead to ambiguities in the sequential assignment procedure;

% The classifications type J and type U were chosen because the letters
J and U are the only ones not used in the one-letter amino acid code.
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FIGURE 5: NH and aromatic region of the phase-sensitive S00-MHz NOESY spectrum of nonexchanged hen lysozyme, 7., = 150 ms. Connectivities

involving pairs of neighboring NH protons are labeled in the region
connectivities are labeled in the region above the diagonal.

these problems were overcome, in some cases, by exploiting
differences in hydrogen exchange rates. The segments of
sequentially assigned residues and the order in which these
segments were assigned are summarized in Figure 7.

The probability of identifying a unique peptide segment
within the lysozyme sequence generally increases as the length
of the sequentially assigned peptide segment increases. In this
study, however, it was found to be particularly important to
identify, initially, sequences that contain several residues, such
as glycine and alanine, which had been assigned uniquely in
the fingerprint region in the first stage of assignment. All 12
of the alanine spin systems have been identified in the spectrum
of hen lysozyme, and these residues are scattered throughout
the protein sequence shown in Figure 7. A study of the ly-
sozyme sequence shows that all the alanine residues are found
in close sequential proximity to other easily identifiable residues
such as threonine and valine. Therefore, the alanine residues
were chosen as the starting point for the sequential assignment
task.

below the diagonal. Long-range dyy connectivities and NH-aromatic

The longest stretch of sequential connectivities identified
in the spectrum of hen lysozyme is illustrated in Figure 8.
Peptide segment 1, consisting of 13 residues, was assigned to
T89 through D101 on the basis of the A-X-V and A-X-U-I-V
sequences. The NH chemical shift of T89 does not correspond
to any of the six threonine spin systems identified earlier;
therefore, T89 must correspond to the threonine residue with
a missing cross-peak in the fingerprint region of the COSY
spectrum. Problems of overlap in the NH and oCH chemical
shifts were overcome by use of the additional d,, dg, and
d,n(i,i+3) connectivities observed and by exploitation of the
range of hydrogen exchange rates observed for the amide
hydrogens of lysozyme. COSY spectra collected under three
different sets of hydrogen exchange conditions are shown in
Figure 8. The amide hydrogens of residues 92-99 exchange
slowly with D,O and are observed in the partly exchanged
spectrum, Figure 8b. The amide hydrogens of residues 89-91
and 100-101, on the other hand, exchange rapidly with D,O
and are observed in the reverse-exchanged spectrum, Figure
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FIGURE 6: Phase-sensitive 500-MHz NOESY spectrum of nonexchanged hen lysozyme, =, = 150 ms. Sequential 4, connectivities identified

in the assignment process are labeled.

8c. The simplification observed in the fingerprint region of
the COSY spectra was very useful for resolving cross-peaks
in crowded regions of the spectrum. For example, the
cross-peak of A95 is obscured in the nonexchanged spectrum
by overlap with one of the G117 cross-peaks. A95 has a slowly
exchanging amide and gives a clear cross-peak in the partly
exchanged spectrum whereas G117 has a rapidly exchanging
amide and gives a cross-peak in the reverse-exchanged spec-
trum. Similar spectral simplification is observed in the NH-
«CH region of the NOESY spectrum. Additional simplifi-
cation occurs in the NH-NH region of the NOESY spectrum
as a cross-peak between a pair of amide hydrogens is observed
in the partly exchanged or the reverse-exchanged spectrum
only if the two amides have similar hydrogen exchange
properties. An NOE cross-peak between one slowly ex-
changing amide and one rapidly exchanging amide will only
appear in the nonexchanged spectrum. Thus, dyy connec-
tivities for residues 92-99 are seen in the partly exchanged
NOESY spectrum, Figure 8b, whereas the connectivities be-
tween residues 89-91 and residues 100-101 are seen in the

reverse-exchanged NOESY spectrum, Figure 8c. The dyy
connectivities involving residues 91-92 and 99-100 appear in
the nonexchanged spectrum only, Figure 8a. The approach
described above is very useful when two or more peaks in the
fingerprint region share the same NH chemical shift but have
different hydrogen exchange characteristics.

A second sequence of 10 residues, peptide segment 2, was
identified from dyy connectivities shown in Figures 5 and 9,
The segment was assigned to residues C6 through H15 on the
basis of the unique L-A-A-A sequence. In cases where overlap
in the NH chemical shifts occurred, these resonances could
be resolved by means of the large number of d,x and d -
(#,i+3) connectivities shown in Figure 9. For example, the
observed d_n connectivity from the NH of A1l to the «CH
of A10 allowed the cross-peaks of A10 and N27 to be dis-
tinguished even though they share the same NH chemical shift
and hydrogen exchange characteristics.

A peptide segment of eight residues, segment 3, was assigned
to A31 through F38 on the basis of the A-A sequence.
Resonances of N39 through D48 were assigned on the basis
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FIGURE 7: Amino acid sequence of hen lysozyme, summary of hydrogen exchange rates, and summary of the NOE connectivities used in the
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(see text). Peptide segments identified in the assignment procedure and the amino acid types of the residues in these segments are shown.
The numbers beneath these segments indicate the order in which they were assigned.

of the unique T-U-A-T sequence occurring in peptide segment
4. The d_x connectivities for residues 42—47 are illustrated
in detail in Figure 10. The four remaining alanine residues
were assigned on the basis of the sequentially assigned peptide
segments 5-8 summarized in Figure 7. The NH-aCH fin-
gerprint-region cross-peak of V120, in peptide segment 6, had
not been identified as a valine in the analysis of spin systems,
and therefore, this residue accounts for the missing valine spin
system. The spin system of W123 was assigned from a dgy
connectivity to the 8CHj, resonance of A122 in peptide segment
6. There was no evidence for a d,\ connectivity between this
pair of residues, and the near overlap of the two NH reso-
nances prevented the identification of a dyy connectivity. No
cross-peak is observed in the COSY fingerprint region for C80
in peptide segment 7; this residue accounts for the second
missing cross-peak in the fingerprint region. The «CH position
of this residue has not been identified in this study. Assign-
ments for 61 of the 129 residues of hen lysozyme were obtained
with only the 12 alanine spin systems as a starting point.

Five of the seven threonine residues have at this stage been
assigned by virtue of their proximity to alanine residues in the
sequence. T51 can be assigned from a series of NOE con-
nectivities, peptide segment 9, involving residues G49 through
I55. Six of these residues, S50 through IS5, have slowly
exchanging amides, and their 4,y connectivities can be clearly
seen in the partly exchanged NOESY spectrum shown in
Figure 11. The connectivities involving the «CH resonances
of S50 and Y53 were not observed in the nonexchanged
NOESY spectrum because of their close proximity to the
saturated water peak. The last threonine cross-peak in the
fingerprint region was assigned to T69 by elimination. No
NOE effects from T69 to R68 or P70 could, however, be
unambiguously identified in the 2-D spectra. Four of the six
valine residues have already been identified as a result of their
proximity to alanine residues. The two remaining valine
residues, V2 and V29, were assigned from peptide segments
10 and 11 as summarized in Figure 7. Residues K1, in peptide

segment 10, and L285, in segment 11, do not give cross-peaks
in the fingerprint region of the COSY spectrum; these two
residues account for the third and fourth residues of the five
missing fingerprint-region cross-peaks. One of the three
complete isoleucine spin systems was assigned as a result of
its proximity to an alanine residue in the sequence. The two
remaining isoleucine residues, 1124 and 158, were identified
from the sequential NOE connectivities of peptide segments
12 and 13. Six of the eight leucine residues of hen lysozyme
were assigned because of their proximity in the sequence to
alanine, threonine, valine, or isoleucine residues. NH and «CH
resonances for one of the remaining leucine residues were
identified in the first stage of assignment. This spin system
is contained in the seven-residue peptide segment 14 assigned
to residues G16 through G22.

Eight of the 12 glycine residues have at this stage been
assigned on the basis of their proximity to other identified
residue types. Two of the four remaining glycines can now
be assigned on the basis of their positions relative to type J
and type U residues in the sequence. Peptide segments 15 and
16 were assigned to residues C64 through G67 and P70
through S72, respectively. The oCH resonances of one of the
two remaining glycine residues are involved in 4,5 connec-
tivities to a type X spin system, segment 17. At this point it
is not possible to distinguish between G102-N103 and
G104-M10s.

Assignments for 107 of the 129 residues of lysozyme have
now been made with alanine, threonine, valine, isoleucine,
leucine, and glycine residues as reference points. At this stage
of the assignment, gaps of two or more residues are found only
at five positions in the sequence, 23-24, 73-78, 85-88,
102-106, and 113-115. The restrictions on the length and the
sequence of these unassigned groups of residues now make
feasible assignment on the basis of the type J and type U
classifications alone. A peptide segment of five residues,
segment 18, must correspond to R73-N77, N74-178, or
G102-N106, the only remaining gaps of five residues. The
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FIGURE 8: Phase-sensitive 500-MHz NOESY (left) and COSY (right) spectra of nonexchanged (a), partly exchanged (b), and reverse-exchanged

(c) hen lysozyme. Sequential dyy NOE connectivities for residues
COSY peaks are circled on the right.

fragment was assigned to N74 through I78 on the basis of the
J-J pair. Segment 19, which contains four residues, was
assigned to S85 through I88 on the basis of the J-X-J-X se-
quence. The three residues of segment 20 with sequence J-U-X
were assigned to N113 through C115. The last peptide seg-
ment, segment 21, was assigned to Y23-S24 on the basis of
the J-X sequence.

Resonances corresponding to 121 of the 129 residues of hen
lysozyme have been assigned with the sequential NOE data

89-101 are shown on the left, and the corresponding fingerprint-region

presented here. The assignments of the three tyrosine and
three phenylalanine residues were reinforced by NOE effects
observed between the H? ring protons and one or both of the
NH and aCH protons. In addition, NOE effects between
tryptophan ring protons and backbone protons reinforced the
assignments of W28, W108, and W123. Resonances of W63,
R68, R73, G102, N103, G104, M105, and N106 have not
been assigned at this stage. Four of the five missing finger-
print-region COSY peaks have been accounted for by K1, L25,
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FIGURE 10: Phase-sensitive 500-MHz NOESY (upper left) and COSY (lower right) spectra of nonexchanged hen lysozyme. The sequential
assignment of residues 42-47 via d,n connectivities is shown.

C80, and T89. Unassigned cross-peaks from two glycines and ment information, NOE effects involving NH, «CH, and B3CH
five other residues appear in the fingerprint region of the protons also provide information about the secondary structure
COSY spectrum. within the protein. NOE connectivities involving pairs of

Structural Correlations. In addition to sequential assign- neighboring NH protons are characteristic of helical and tight
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FIGURE 11: Phase-sensitive 500-MHz NOESY (upper left) and COSY (lower right) spectra of partly exchanged hen lysozyme. The sequential

assignment of residues 50-55 via d,n connectivities is shown.

turn structures whereas connectivities of the d,y type are
characteristic of B-strand structures (Wiithrich, 1986).
Long-range NOE effects can supplement the short-range in-
formation and can give information about the interaction of
B-strands in 3-sheet structures.

Extended regions of dyn sequential connectivities were
observed for residues 6—15, 25-38, and 89-101 as shown in
Figure 7. These regions were identified as helices with a high
degree of confidence on the basis of the number of consecutive
dn connectivities. Assignment of helical secondary structure
was confirmed by the observation of d,(7,i+3) connectivities.
These connectivities have been illustrated for residues 6-15
in Figure 9. Virtually all of the expected d,y(i,i+3) con-
nectivities were also found for residues 89-101. A smaller
number of these connectivities were observed for residues
25-38; many of the NH resonances associated with these
residues overlap with aromatic proton resonances, making
unambiguous assignment of NOESY cross-peaks somewhat
more difficult. Shorter stretches of dyn connectivities were
observed for residues 74-78, 80-84, and 107-115. However,
no long-range d(i,i+3) connectivities have yet been identified
for these regions, and therefore, assignmsnt of these regions
as helical on this basis alone would be premature.

Extended regions of d,n sequential connectivities were ob-
served for residues 1-5, 42-47, 50~55, and 57-60. The last
three of these regions are connected by short segments of dyn
connectivities characteristic of tight turns. This pattern of
NOE connectivities indicates the presence of a triple-stranded
antiparallel 8-sheet. This structure was confirmed by several
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FIGURE 12: Phase-sensitive 500-MHz NOESY spectrum of fully
exchanged hen lysozyme. Long-range d,,, connectivities characteristic
of 3-sheet structures are labeled.

long-range interstrand dyy, d.n, and d,, connectivities ob-
served in the NOE spectra shown in Figures 5, 6, and 12.
Four interstrand NOE effects, dyn(44,52), d,,(45,51), d,,-
(43,53), and d,n(45,52), confirm the interaction between
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FIGURE 13: Schematic ribbon representation of the backbone of hen
lysozyme derived from the X-ray structure. Regions characterized
by dyn NOE connectivities are shaded in (a) whereas regions
characteristized by d_y connectivities are shaded in (b).

strands 42—-47 and 50-55. Three interstrand NOE effects,
dnn(53,58), d,.(52,59), and d,N(57,53), confirm the inter-
action between strands 50-55 and 57-60. Two long-range
interactions between residue 2 and residues 39 and 40, d, -
(2,40) and d,,(2,39), have been identified from NOESY
spectra. These connectivities indicate that residue 2 and
residues 39-40 form two strands of a short antiparallel 8-sheet.
No further long-range connectivities involving residues 2 or
39-40 have been identified, thus giving no evidence for a third
strand in this S8-sheet.

The NOE data described above provide a good basis for the
identification of the major components of secondary structure
in lysozyme. Further analysis of the NOESY spectrum will
yield additional distance constraints, which can be used as the
input for structure determination algorithms such as distance
geometry and restrained molecular dynamics (Braun et al.,
1983; Kaptein et al., 1985). The secondary structure deter-
mined from NOE connectivities can, however, be compared
immediately with the secondary structure determined from
X-ray diffraction studies (Blake et al., 1967). The backbone
structure of hen lysozyme in the crystalline state is illustrated
schematically in Figure 13. In Figure 13a regions of the
sequence which give dyny NOE connectivities are shaded; in
Figure 13b regions which give d_ 5 connectivities are shaded.
It can be seen that regions which were identified earlier as
helical from dyy connectivities correspond exactly with the
major helices in the X-ray structure. The triple-stranded
B-sheet identified earlier agrees with the S-sheet identified in
the X-ray structure; the 8-strands are characterized by d,n
connectivities whereas the tight turns are characterized by dny
connectivities. The connectivities identified between residues
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2 and 39-40 are in agreement with the small antiparallel
B-sheet involving residues 1-3 and 38-40.

The NMR experiments carried out with partly exchanged
and reverse-exchanged lysozyme allow a qualitative comparison
of hydrogen exchange behavior at pH 3.8 and 35 °C to be
made. Amides that give cross-peaks of greater intensity in
the partly exchanged COSY than in the reverse-exchanged
COSY have slow hydrogen rates, f,,, 2 1-5 h. Amides that
give cross-peaks of greater intensity in the reverse-exchanged
COSY have a rapid exchange rate, #,,, < 1-5 h, whereas
amides that give peaks of equal intensity in the two spectra
have intermediate exchange rates, #,, ~ 1-5 h. The observed
hydrogen exchange behavior is summarized in Figure 7. These
exchange rates correlate well with the secondary structure of
the protein; the majority of slowly exchanging amides are
found in the helices and the 3-sheet region. The qualitative
exchange rates observed here can be compared with hydrogen
bonds found in the hen lysozyme crystal structure (Handoll,
1985). Forty-nine of the 58 slowly exchanging amides are
hydrogen bonded to main-chain carbonyl oxygens. Three of
the nine remaining amides, S50, R61, and 178, are hydrogen
bonded to side-chain oxygens. Of the rest, the amides of 155,
L56, and N59 are hydrogen bonded to buried water molecules
whereas those of F38, A42, and C64 are not specified as being
involved in any hydrogen bonds. Thirty-seven of the 57 rapidly
exchanging amides are either not internally hydrogen bonded
or are hydrogen bonded to water molecules. Five of the 20
remaining amides are hydrogen bonded to side-chain oxygen
atoms. The 15 remaining amides are hydrogen bonded to
main-chain carbonyl oxygens. The amides of R14, N113, and
R114 are located in helical structures whereas the amides of
N46 and G49 are located in the 3-sheet region. The amides
of the other 10 residues, G16, N19, Y20, G22, S72, N77,
D101, T118, V120, and A122, are located in irregular
structures (Handoll, 1985). A slow amide exchange rate is
often taken as an indication of a hydrogen bond and used as
a distance constraint in structure determination techniques.
If the hydrogen bonds found in the X-ray structure are
maintained in solution, then the preliminary results presented
here indicate that some care must be taken when interpreting
slow hydrogen exchange rates in terms of hydrogen bonds.

Assignments for 121 of the 129 residues of lysozyme are
listed in Table I. In previous studies assignments for reso-
nances of some 50 amino acid residues had been made with
information derived from the crystal structure; this information
included ring current shift data and interproton distances. The
sequential assignments presented here are in complete
agreement with previously reported assignments (Poulsen et
al., 1980; Redfield et al., 1982; Delepierre et al., 1984). This
provides further evidence for the close similarity of the X-ray
and solution tertiary structures. In view of the agreement
between the assignments made by these two procedures and
of the similarity of the secondary structure derived from these
NMR data with that determined by X-ray diffraction, it is
possible to propose assignments for some of the eight remaining
residues. The aCH resonances of both W63 and M 105 have
been assigned with reference to the crystal structure (Poulsen
et al.,, 1980; Delepierre et al., 1984). There are two unassigned
cross-peaks in the fingerprint region which have «CH positions
that correspond to those of W63 and M105. A d,y connec-
tivity between a glycine residue and a type X residue was
described earlier. The assignment of the type X residue as
M 105 results in the assignment of the glycine as G104; the
last glycine, G102, is assigned by elimination. No connec-
tivities between G102, G104, M105, or A107 and the unas-
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Table I

Sequence-Specific Assignments of Hen Egg White Lysozyme®

residue NH aCH BCH yCH and others residue NH aCH BCH yCH and others
Lys-1 3.99 Gly-67 8.34 4.16, 3.86
Val-2  8.96 4.97 2.00 yCH, 0.95, 1.05 Arg-68
Phe-3 8.87 4.23 2.73, 3.21 6CH 7.03; «CH 7.22; {CH 7.51  Thr-69 8.20 4.60 4,22 yCH; 0.92
Gly-4  8.51 4.34, 401 Pro-70 4.35
Arg-5 8.56 3.38 2.15 Gly-71  8.69 3.83, 3.68
Cys-6 8.60 4.74 2.84,3.23 Ser-72  7.30 4.56 3.75, 4.24
Glu-7 8.14 4.12 2.20, 2.30 Arg-73
Leu-8 8.63 3.77 0.97, 1.58 4CH 1.49; 6CH, -0.05, 0.55 Asn-74  8.18 3.75 2.01, 3.12
Ala-9 840 3.61 1.59 Leu-75 9.03 4.10 1.52,2.15 ~CH 1.68; CH, 0.55, 0.88
Ala-10 8.17 3.99 1.58 Cys-76  9.46 4.46 3.69
Ala-11 7.79 4.30 1.56 Asn-77  8.04 4.22 2.54,3.21
Met-12 9.10 3.47 ¢CH; 1.66 Ile-78 8.79 4.99 1.72 vCH 1.08, 1.51; yCH, 0.91;
Lys-13 8.54 3.97 1.97, 2.24 6CH; 0.89
Arg-14 8.25 4.14 1.79, 1.87 Pro-79 5.21 2.06, 2.39
His-15 7.32 4.60 2.61,3.77 SCH 8.66; ¢CH 7.53 Cys-80 8.24
Gly-16 7.62 4.13,3.92 Ser-81  8.58 3.80
Leu-17 7.15 3.94 0.33 vCH 0.74; 6CH, —0.66, —0.09 Ala-82  7.61 4.25 1.53
Asp-18 8.71 4.27 2.42,3.04 Leu-83 7.85 4.25 2.11 yCH 1.71; 6CH, 0.75, 1.05
Asn-19 8.35 3.99 2.84, 3.07 Leu-84 7.13 5.11 1.90 yCH 1.74; 5CH, 1.01, 1.04
Tyr-20 8.08 4.25 3.06, 3.25 SCH 7.22; «CH 6.99 Ser-85  6.83 4.49 3.89, 4.17
Arg-21 893 3.63 1.82 Ser-86  8.50 4.27 3.89,3.95
Gly-22 7.60 3.89,3.50 Asp-87 8.16 4.92 2.68, 2.96
Tyr-23 7.66 4.57 2.53, 3.32 5CH 7.05; ¢«CH 6.71 Ile-88 8.11 4.67 1.87 yCH 0.40, 1.21; yCH; 0.80;
Ser-24 8.98 4.54 6CH; 0.23
Leu-25 9.09 4.42 vCH 1.61; 6CH, 0.87, 1.00 Thr-89 8.38 3.07 4,07 yCH; 1.18
Gly-26 9.59 4.20, 3.68 Ala-90 9.11 4.09 1.38
Asn-27 8.19 4.22 2.35,2.87 Ser-91  7.79 4.09 3.51, 4.02
Trp-28 7.19 3.76 3.24,3.30 NI1H 9.36; C2H 7.31; C4H Val-92 8.38 3.14 1.94 yCH, 0.52, 0.65
6.77; C5H 6.29; C6H 6.82; Asn-93  8.66 4.28 2.80, 2.92
C7H 7.46 Cys-94 791 5.00 2.72,3.39
Val-29 7.57 3.44 1.96 yCH, 0.96, 1.28 Ala-95 8.70 4.14 1.56
Cys-30 8.01 2.50 2.64.2.98 Lys-96 8.01 3.72 1.71
Ala-31 8.12 3.72 1.02 Lys-97 7.23 4.14
Ala-32 7.60 4.02 1.33 1le-98 7.98 2.81 1.51 yCH -2.04, 0.73; yCH, ~0.24;
Lys-33 7.95 2.58 8CH; 0.01
Phe-34 7.34 4.32 2.30, 3.20 6CH 7.26; ¢«CH 7.37, {CH 7.51 Val-99 826 3.90 2.43 vCH, 1.21, 1.36
Glu-35 8.58 4.46 2.07 Ser-100 7.65 4.46 4.11, 4.20
Ser-36 7.94 4.58 3.59, 4.51 Asp-101 8.03 4.81 3.06, 3.12
Asn-37 8.14 449 2.52,3.35 Gly-102 8.14 4.22,3.97
Phe-38 7.35 3.87 3.63,3.76 6CH 6.99; ¢CH 7.45; {CH 6.97  Asn-103
Asn-39 7.41 5.41 2.85, 3.46 Gly-104 8.23 4.25, 4.06
Thr-40 9.38 4.07 4.61 yCH; 1.65 Met-105 7.06 3.84 -0.97, 0.48 yCH 0.55; ¢<CH, 0.00
Gln-41 7.90 4.45 Asn-106
Ala-42 6.86 4.14 1.36 Ala-107 6.75 3.85 0.64
Thr-43 8.27 5.14 3.79 vCH, 1.06 Trp-108 7.88 4.71 3.24,3.37 NI1H 9.98; C2H 7.10; C4H
Asn-44 8.15 5.02 2.74 7.36, C5H 6.50; C6H 7.17;
Arg-45 8.85 4.50 1.72, 1.84 C7H 6.93
Asn-46 8.89 5.13 2.86, 2.91 Val-109 8.91 3.65 2.20 yCH, 1.04, 1.12
Thr-47 8.80 4.12 437 yCH, 1.37 Ala-110 8.00 4.27 1.35
Asp-48 7.81 4.58 2.67, 3.10 Trp-111 7.26 3.72 NI1H 10.35; C2H 7.04; C4H
Gly-49 7.88 4.42,3.74 7.28; CSH 7.04; C6H 7.35;
Ser-50 8.25 4.57 3.78 C7H 7.51
Thr-51 9.12 4.88 3.76 ~CH, 0.34 Arg-112 8.23 3.39 2.05
Asp-52 8.80 5.21 2.07, 2.71 Asn-113 7.97 4.54 2.69
Tyr-53 9.02 4.76 2.69, 2,99 6CH 7.12; ¢CH 6.83 Arg-114 7.66 4.32 1.24
Gly-54 9.04 4.43,4.32 Cys-115 7.35 4.54 2.50, 2.64
Ile-55  9.27 4.31 1.66 yCH 1.06, 1.54; yCH, 0.91; Lys-116 7.06 3.46 -0.16, 1.28
6CH, 0.77 Gly-117 8.70 4.14, 3.83
Leu-56 8.89 4.41 1.48, 1.76 yCH 1.23; 6CH, 0.28, 0.52 Thr-118 7.65 4.76 433 yCH, 0.98
GIn-57 7.95 3.37 2.03,2.15 Asp-119 8.66 5.01 2.77,2.97
Ile-58 7.68 4.02 1.87 vCH 1.80; yCH; 1.08; 6CH, Val-120 8.13 4.36 2.20 yCH, 1.09, 1.14
0.98 Gln-121 8.46 4.34 2.22,2.30
Asn-59 8.52 5.65 3.10, 3.40 Ala-122 7.70 3.83 1.21
Ser-60 9.18 5.17 4.44 Trp-123 7.61 4.12 3.45, 3.55 NI1H 10.68; C2H 7.55; C4AH
Arg-61 8.78 4.10 1.50, 1.73 7.53; CSH 7.14; C6H 7.10;
Trp-62 7.19 4.42 NI1H 10.05; C2H 7.11; C4H C7H 7.76
7.11; CSH 7.03; C6H 7.19; lle-124 7.55 4.74 2.23 ~vCH 1.28, 1.49; yCH, 0.87;
C7H 7.45 6CH, 0.98
Trp-63 7.43 4.98 3.37, 3.48 NIH 10.21; C2H 7.65; C4H Arg-125 7.33 4.17 1.83, 1.94
7.76;, CSH 6.85; C6H 7.08; Gly-126 9.12 4.32, 3.76
C7H 7.22 Cys-127 747 4.92 2.67, 3.10
Cys-64 7.60 5.83 2.58, 3.09 Arg-128 8.90 4.36 1.80, 1.88
Asn-65 8.27 5.51 2.47, 2.86 Leu-129 7.96 4.30 1.68 ~CH 1.44; 6CH, 0.76, 0.88
Asp-66 9.65 4.99 2.25,3.28

9Chemical shifts are in ppm referenced to DSS and are accurate to £0.02 ppm.

Values are for lysozyme at 35 °C, pH 3.8.
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signed residues N 103 and N106 have been identified, and at
this stage these two residues must remain unassigned. In
addition, no sequential-based or crystal structure based as-
signments for R68 and R73 have been possible. There are
three unassigned cross-peaks in the fingerprint region of the
spectrum; the peak at 8.15-4.96 ppm is type J, the peak at
8.08—4.76 ppm is type U, and the peak at 7.55-3.87 ppm is
type X.

Resonances arising from 121 of the 129 residues of lysozyme
have been assigned by sequential methods. Breaks occur in
the sequential assignment process at 20 points in the sequence
as illustrated in Figure 7. Using the X-ray structure, it is
possible to determine the types of connectivities that should
be observed at these points and then to explain why these
breaks occur. Two of the breaks occur between a proline and
its preceding residue. The 8CH resonances of the two proline
residues have not been identified in COSY or RELAY spectra,
and therefore, dp; NOE connectivities could not be identified
unambiguously. Two of the breaks occur because of the ab-
sence of d,y connectivities. Both of the «CH resonances
involved are close to the water resonance, and the connectivities
are absent because the «CH resonances are saturated when
the water is irradiated. The 16 remaining breaks occur because
of the absence of dyy connectivities. Seven of these connec-
tivities are missing because the two NH resonances involved
have very similar (A8 < 0.1 ppm) chemical shift values. Five
of these connectivities are missing because the two NH res-
onances involved have chemical shift values in the 7.0~7.8 ppm
range. The NH-NH cross-peaks overlap with the intense
aromatic and asparagine and glutamine side-chain NH
cross-peaks and cannot be identified unambiguously.

The assignments presented in this paper provide the starting
point for a variety of important studies. Further analysis of
the NOESY spectrum will yield the required input for
structure determination procedures. Assignments for all the
active site residues, including the catalytically important E35
and D52, which were not previously available, will allow studies
of substrate and inhibitor interactions to be carried out. The
detailed knowledge of the spectrum of the folded protein can
be used to characterize the structure and dynamics of the
protein in its unfolded state. Finally, the results presented here
indicate that detailed information can be obtained for proteins
that are relatively large in NMR terms without using infor-
mation obtained from the X-ray structure.
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Flavodoxin from Anabaena 7120: Uniform Nitrogen-15 Enrichment and
Hydrogen-1, Nitrogen-15, and Phosphorus-31 NMR Investigations of the Flavin
Mononucleotide Binding Site in the Reduced and Oxidized States’

Brian J. Stockman, William M. Westler, Eddie S. Mooberry, and John L. Markley*
Department of Biochemistry, 420 Henry Mall, University of Wisconsin—Madison, Madison, Wisconsin 53706
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ABSTRACT: Interactions between flavin mononucleotide (FMN) and apoprotein have been investigated in
the reduced and oxidized states of the flavodoxin isolated from Anabaena 7120 (M, ~21000). 'H, N,
and 3'P NMR have been used to characterize the FMN—-protein interactions in both redox states. These
are compared with those seen in other flavodoxins. Uniformly enriched ['*N]flavodoxin (>95% isotopic
purity) was isolated from Anabaena 7120 grown on K'*NO, as the sole nitrogen source. !’N insensitive
nucleus enhanced by polarization transfer (INEPT) and nuclear Overhauser effect (NOE) studies of this
sample provided information regarding protein structure and dynamics. A 'H-detected '*N experiment allowed
the correlation of nitrogen resonances to those of their attached protons. Over 90% of the expected N-H

cross peaks could be resolved in this experiment.

F lavodoxins constitute a group of low molecular weight (M,
14 000-23 000), FMN !-containing flavoproteins that mediate
electron transfer at low redox potential between the prosthetic
groups of other proteins (Mayhew & Ludwig, 1975). In some
organisms, flavodoxin is produced constitutively, while in others
it is produced only under conditions of limiting iron. Flavo-
doxins serve as a replacement for the iron-containing protein,
ferredoxin, in electron-transfer reactions (Tollin & Edmondson,
1980).

The FMN cofactor serves as the redox carrier in flavodoxins.
The coenzyme can exist in three oxidation states, two of which
have variable protonation states: oxidized (FMN), one electron

tSupported by USDA Competitive Research Grant 85-CRCR-1-
1589. This study made use of the National Magnetic Resonance Facility
at Madison, which is supported in part by NIH Grant RR023021 from
the Biomedical Research Technology Program, Division of Research
Resources. Equipment in the facility was purchased with funds from the
University of Wisconsin, the NSF Biological Biomedical Research
Technology Program (Grant RR023021), NIH Shared Instrumentation
Program (Grant RR02781), and the U.S. Department of Agriculture.
A preliminary account of this research has been presented (Stockman &
Markley, 1987).
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reduced or semiquinone (FMNH* or FMN""), and two elec-
tron reduced or hydroquinone (FMNH, or FMNH"). The
ability for flavin-containing proteins to conduct one- or two-
electron transfers permits them to mediate between one-
electron- and two-electron-transfer pathways. All three redox
states of flavodoxin exist in vitro, but redox reactions probably
only occur between the reduced and semiquinone states in vivo
(Simondson & Tollin, 1980).

The redox potentials of both transitions in FMN are altered
by its association with the apoprotein. The transition from
reduced to semiquinone states in flavodoxin has a midpoint
potential of —400 to ~500 mV, as compared to ~124 mV in
free FMN (Simondson & Tollin, 1980; Sykes & Rogers,
1984). Coenzyme in different redox states appears to interact
differently with the apoprotein. The redox potential for the

! Abbreviations: BIRD, bilinear rotation decoupling; COSY, corre-
lated spectroscopy; FMN, flavin mononucleotide; INEPT, insensitive
nucleus enhanced by polarization transfer; NMR, nuclear magnetic
resonance; NOE, nuclear Overhauser effect; NOESY, nuclear Over-
hauser spectroscopy; SDS, sodium dodecy! sulfate; Tris, tris(hydroxy-
methyl)aminomethane; TSP, (trimethylsilyl)propionic acid.
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