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ABSTRACT. The!®N-labeled recombinant hen lysozyme and two species of two-disulfide variants, denoted
as 2SS[6-127, 36-115] and 2SS[6480, 76-94], were studied by means of NMR spectroscopy. The
former variant contains two disulfide bridges in thedomain, while the latter has one disulfide bridge

in the f-domain and the other one at the interface between two domains. Resonance assignments were
performed using 3D TOCSYHSQC and NOESY¥-HSQC spectra. Th&®N—1H—HSQC spectrum of
2SS[6-127, 30-115] was similar to that of recombinant lysozyme as a whole, although a number of
cross-peaks disappeared. On the other hand, the HSQC spectrum of 28&[66—-94] was characteristic

of unfolded proteins. The structure of 2SS[B27, 30-115] was thoroughly examined on the basis of
NOE contacts determined by NMR spectroscopy. The structure af-th@main was quite similar to that

of authentic lysozyme, while thg-domain was largely unstructured. However, NMR data clearly
demonstrated that some residual structures exist ig-th@main. The31l andf$2 strands were maintained
stably as an antiparall@tsheet. In addition, the residues 55 and 56 were located in the vicinity of the end
of the B-helix. Further, the C-helix was properly set with side-chains of 188, V92, K96, and V99 facing
toward the hydrophobic core in thedomain. These residual structures inherent in the amino acid sequence
were evaluated concerning the folding process of lysozyme. Our experiments imply that the establishment
of the backbone conformation ranging from residues 98 plays a key role in attaining the cooperativity
between two domains required for the folding transition.

It is important for the elucidation of the mechanism of attains native disulfide pairings through one-, two-, and three-
protein folding to examine the structure of partially folded disulfide intermediates, etc., during the folding process.
intermediates. But the folding process is a very cooperative Analogues of disulfide regeneration intermediates can be
phenomenon and is accomplished rapidly, and therefore,prepared as variants lacking a specific disulfide bridge by
folding intermediates are not suitable for study at equilibrium. amino acid substitution for Cys residue. The disulfide
However, it is possible to trap disulfide intermediates during regeneration intermediates of the bovine pancreatic trypsin
the disulfide regeneration process. Fully reduced protein inhibitor were studied thoroughly at equilibriura3).

In general, the variants with increasing number of disulfide
* To whom correspondence should be addressed. Pht#4:795 bridges have increasing amounts of ordered structure. Hen
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"The NMR facilty in KGU was supported by a grant from the lysozyme contains four disulfide bridges; here we call them

Ministry of Education, Culture, Sports, Science and Technology, Japan SS1 (Cys6-Cys127), SS2 (Cys36Cys115), SS3 (Cys64

(the High-Tech Research Center Project). Cys80), and SS4 (Cys#68Cys94). SS1 and SS2 are located
;K\l/gqrnst?i Gakuin University. in thea-domain, SS3 is located in thfedomain, and SS4 is
I Kobe. University. located at the interface between two domains. One-disulfide
1 Abbreviations:  CD, circular dichroism; DGFCOSY, double- and three-disulfide variants of hen lysozyme have been

quantum filtered correlation spectroscopy; HSQC, heteronuclear single- studied mainly by means of CD spectroscogy-7). All

quantum coherence; metLYZ, recombinant hen lysozyme containing species of three-disulfide variant had the nativelike structure,
the extra N-terminal Met; NMR, nuclear magnetic resonance; NOE,

nuclear Overhauser effect; NOESY, nuclear Overhauser effect spec-While all species of one-disulfide variant were largely
troscopy; SS1, disulfide bridge between Cys6 and Cys127; SS2, unstructured. On the other hand, two species of two-disulfide

tC3t/5|3(%Cyls%15? 533{ CYSG"‘CgSDSO? (f??én tCVS76%Yt?194? LQCSY; , variant, which were constructed and characterized recently,
Otal correlation spectroscopy; an , IWO- an ree-adimensional; : i :
2SS[6-127, 30-115], hen lysozyme with Cys64, Cys76, Cys80, and  Snowed contrasting results. Judging from their CD spectra,

Cys94 replaced by Ala and two disulfide bridges between Cys6 and ONe species, 2SSf6l27, 30-115], containing two disulfide
Cys127 and between Cys30 and Cys115; 2SS} 76-94], hen bridges, Cys6Cys127 and Cys36Cys115, appeared to

lysozyme with Cys6 replaced by Ser, Cys30, Cys115, and Cys127 ; ; _
replaced by Ala and two disulfide bridges between Cys64 and Cys80 have a substantial amount of secondary and tertiary struc

and between Cys76 and Cys94; the one letter code for amino acid tUres. By contrast, the other species, 25588, 76-94],
residues is also used to indicate the amino acid and the residue numbercontaining Cys64 Cys80 and Cys76Cys94, showed lim-
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Ficure 1: Ribbon diagram of 2SS variant of hen lysozyme: 2S9[B7, 36-115], produced by Insight Il on the basis of the X-ray
crystallographic structure (PDB 6LYZ). A ribbon depicts the portion of polypeptide chain folded into the nativelike structure. Transparent
sticks show the backbone and side-chains in the region where short- and long-range NOEs disappear; the backbone ranging from 57 to 81
is colored white and the side-chains blue. Balls on the ribbon indicate the positign 6 disulfide bridges, C6C127 and C36-C115,

are colored yellow, four helices magentH,- and2-strands blue, and 155 and L56 dark blue. The specific interactions exist between
side-chains on C-helix (188, V92, K96, and V99 colored red) and those within the N-terminal lkedfl@fain (L8, M12, H15, Y20, and

W28 colored green). Yellow short sticks out of the backbone indicate the positions of Cys64, Cys76, Cys80, and Cys94 replaced by Ala.

ited amount of secondary and little tertiary structurgp ( Figure 1 shows the ribbon diagram of 2SS[R7, 36~
Thus, the two-disulfide variants correspond to the border 115] produced from X-ray crystallographic structure (PDB
between ordered and disordered states. Since we cannoBLYZ), in which SS3 and SS4 are removed by alanine
acquire detailed information about structural changes in substitution. In 2SS[6127, 36-115], the polypeptide seg-
protein from their CD spectra, NMR spectra have been mentranging from 30 to 115 is quite free from the constraints
measured for these disulfide variants of hen lysozyme. Heredue to disulfide bridges except around residues 30 and 115
we report the detailed results obtained for the variant: 2SS-so that-domain was largely unstructured. However, NMR
[6—127, 30-115], compared with those for authentic structural analysis clearly demonstrated that some residual
lysozyme. structures exist in it. ThB1 (residues 4146) ands2 strands
Since the recombinant hen lysozyme contains an extra Met(50—54) were preserved stably as an antiparghelheet,
residue at the N-terminus (here it is called metLYZ), at first, and the residues 55 and 56 were located in the vicinity of
the 1°N-labeled metLYZ was studied as the standard refer- the end of the B-helix (residues 286). Further, the C-helix
ence. Resonance assignments were performed using 30residues 8899) was properly set with side-chains of 188,
TOCSY—HSQC and NOESY¥HSQC spectra, and then V92, K96, and V99 embedded in the hydrophobic core in
short-, medium-, and long-range NOE contacts were deter-the a-domain. These facts indicate that the polypeptide
mined. The!>N—H—-HSQC spectrum of 2SS{6127, 30- segment 1 and 32 strands or the C-helix) has a strong
115] was similar to that of metLYZ as a whole, although a propensity to adopt such a residual structure inherent in the
number of cross-peaks disappeared. On the other hand, themino acid sequence. The role of these structures in the
spectrum of 2SS[6480, 76-94] was characteristic of  folding transition is discussed in conjuntion with the coop-
unfolded proteins. It was found that the structure of the erativity between both domains.
o-domain of 2SS[6-127, 36-115] is quite similar to that
of metLYZ and can be maintained almost independently from MATERIALS AND METHODS
the f-domain, only if both SS1 and SS2 exist. On the other  Two-Disulfide Variants of Hen Lysozynigetails of the
hand, the interdomain cooperativity was indispensable to construction of the genes for the 2SS variants and identifica-
attaining the structure gi-domain even in the presence of tion of the disulfide linkage pattern in the reoxidized and
both SS3 and SS4. purified 2SS variant proteins are described in the reference
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(8). The 2SS variant gene which retains the Cys residues 6,RESULTS
30, 115, and 127 was constructed by recombining a synthetic )
DNA fragment that coded for the region containing replace- HSQC Spectra of metLYZ and 2SS Variaft—H—
ments, Cys64~ Ala, Cys76— Ala, and Cys806— Ala, with HSQC spectra for metLYZ, 2SS{6127,36-115], and 2SS-
another DNA fragment that coded for a part of 388 [64—80,76-94] were measured at pH 3.8 and 5. The
gene (5) Containing a rep|acement CysQ[A'a The other HSQC SpeCtrum of metLYZ was Substantia”y the same as
2SS variant gene which retains Cys residues 64, 76, 80, andhat reported already foPN-labeled wild-type hen lysozyme
94 was constructed in a similar way, in which the original €xpressed imAspergillus niger(14). 126 cross-peaks were
Cys residues 6, 30, 115, and 127 were replaced by Ser, Alajdentified in Figure 2(a-1, a-2) for the backbone amide
Ala, and Ala residues, respectively. Nucleotide sequences'H—""N correlations, except for residues T40, P70, and
of the variant genes were confirmed with dideoxy sequenc- P79. Resonance assignments were carried out using 3DTOC-
ing. 15N-labeled proteins were produced in the M9 medium SY—HSQC and 3D NOES¥HSQC spectra that will be
that was supplemented with additives and contained 1.5 g/L described later. Assigned cross-peaks are labeled in Figure
[5NJammonium chloride (99.4%°N; Shoko Co. Ltd., 2(a-1, a-2, b-1, b-2). Six cross-peaks were identified for
Tokyo) as a sole nitrogen source. After the addition of IPTG tryptophan indoléH—"*N correlations, although they are out
to induce expression, the cultivation was continued for further Of range of Figure 2(a-1). In addition, 17 pairs of cross-
4 h at 40°C before harvesting cells. The solubilization of Peaks were obtained féPNH, groups of the 14 Asn and 3
inclusion bodies and purification of protein were carried out GIn residues around 112 ppm®6N in the HSQC spectrum.
as described for unlabeled proteids b, 7. Assignments of these side-chdidi—'°N correlations were

For the oxidative refolding to produce 2SS{627, 36-  Substantially the same as those in wiLYZ, except for N39
115], in which the two disulfide bridges are formed in native @nd Q41. In addition, 11 cross-peaks were identified for
pairings, the reduced form of the variant was oxidized in arginine*H—*N. side-chain correlations, although they are
100 mM Tris acetate, 1.0 mM EDTA, pH 7.85, 0.1 mm @IS0 out of range of Figure 2(a-1). RS, R61, R73, R112,
GSSG, 1mM GSH, at the protein concentration of 3\, R114, and R125 were assigned to each cross-peaks, while
in the presence of 30% g|ycero| and at 30 for 2 h. the CI’OSS-peakS Corresponding to R14, R21, R45, R68, and
Likewise, 2SS[64-80, 76-94] was obtained by oxidation =~ R128 were detected separately but could not assigned to each
of its purified, reduced form in 15% glycerol and at 90  residue even using the 3D NOESHSQC spectrum because
for 2 h, under otherwise the same conditions as used forrésonance frequencies of 5lGr HN. are too close to each
2SS[6-127, 30-15]. The reoxidized materials were purified Other. NMR spectra of metLYZ were also measured at 35
by reversed_phase HPLC on‘uaBondasphere Cc4a Co|umn °C fOI‘ the Compal’lson W|th Chemlcal Sh|ft ValueS Of wtLYZ
(19 x 150 mm, Waters) with a linear gradient of acetonitrile reported previouslyl4, 15.
from 32.5 to 37.5% in 50 min (100 mL). The peak fraction =~ »N—'H—HSQC spectra of 2SS varinats of lysozyme are
that corresponded to the 2SS variant of native disulfide shown in Figure 2(b-1, b-2, ¢). As shown in Figure 2(c), the
linkage was recovered and freeze-dried. Only the fractions HSQC-spectrum of 2SS[6480, 76-94] is analogous to that
that showed a single peak without any skew in analytical observed for reduced S-methylated lysozyme3iM urea
scale rechromatography were used. Concentrations of the(16) and characteristic of unfolded proteins. In this paper,

2SS-variants of lysozyme were estimated by ustag = the spectrum of 2SS[6480, 76-94] will not be mentioned

2.64 per mg/mL. further. On the other hand, the HSQC-spectrum of 25S[6
NMR SpectroscopyThe freeze-dried samples of 2SS 127, 30-115] is quite similar to that of metLYZ as a whole.

variants of lysozyme were dissolved in 95%®15% D,O. More than 10 cross-peaks disappeared in the HSQC spectrum

The pH was adjusted to 3.8 by adding HCI or NaOH. of 2SS[6-127, 36-115] in comparison with that of metLYZ.
Concentrations of recombinant hen lysozyme (metLYZ) and Instead, many more cross-peaks were crowded in the small
2SS[6-127, 30-115] were about 1.0 and 1.2 mM, respec- region (Figure 2(b-2)) around 8.2 and 120 ppm. Boxed
tively. The concentration of 2SS[6480, 76-94] could not residue numbers in Figure 2(a-1, a-2) mark the cross-peaks
be increased more than 0.47 mM to avoid the protein that remarkably moved or disappeared in Figure 2(b-1, b-2).
aggregation. The two-dimensional (2p)—'H NMR spectra Most of them are located in th&domain (T51, Y53, 155,
were recorded at 600.13 MHz on a Bruker Avance 600 DRX L56, 158, N59, S60, R61, W62, W63, C64, N65, R68, T69,
spectrometer equipped with a Bruker/SGI workstation. G71, S72, R73, L75, C76, N77, C80, S81, A82, and S85),
DQF—COSY, NOESY (mixing time 150 ms), and HO- although it is a matter of course that C64, C76, and C80
HAHA (mixing time 50 ms) experiments were carried out replaced by Ala are involved in them. Several pairs of cross-
using standard procedure, (L0 at different temperatures  peaks were found fd®NH, groups of Asn and GlIn residues.
(298 K, 308 K). Solvent signal suppression was achieved Assignments to N19, N37, N39, N44, and N113 were
by using the WATERGATE schemd.l). Typically, data confirmed in the 3D NOESY¥HSQC spectrum by connec-
were collected at 1024 2048 data points injtand t tivities between HIy and H3 of their own residues. Other
directions with 64 transients. 2BBN—'H—HSQC spectra  cross-peaks were assigned to some residues with reference
(12) were collected at 277 and 298 K with 1024 2048 to the spectrum of metLYZ (N46, Q57, N93, and N106).
points in § and % directions, using uniformly>N-labeled For Asn or GIn residues contained in tfiedomain (Q41
samples. 3D-NOES¥HSQC and 3D-TOCS¥HSQC (13 N59, N65, N74, and N77), side-chalhl—'°N correlations
were collected with 128« 64 x 2048 in the {, t;, and § disappeared or moved into the crowded region around 112
directions at 298 K. Zero filling was applied prior to Fourier ppm of 5N. Further, several cross-peaks were detected for
transformation, and data were processed with a shiftedarginine®H—°N, side-chain correlations. The cross-peaks
squared sine-bell window functions in both dimensions.  of R5, R112, R114, and R125 were identified with reference
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Ficure 2: 1N—H—HSQC spectra of metLYZ and 2SS variants of lysozyme. All spectra were measured@t28 pH 3.8. (a-1) The
spectrum of metLYZ. Identified cross-peaks are labeled by the residue name for the ba8kbdfe correlations. Seventeen pairs of
cross-peaks were identified f&iNH, groups of Asn and GIn residues. They appear around 112 ppgfiNaind 7.2 ppm ofH, but their
peak labels are omitted. (a-2) The central region enclosed by a box is enlarged. (b-1) The spectrum-df2Z5S[B-115]. Peak assignments
were carried out using 3D TOCSYHSQC and 3D NOES¥HSQC spectra. Cross-peaks of most residues contained ia-tt@main
appear at almost the same positions as those in metLYZ. On the contrary, those of residues containediamiia remarkably move
or disappear. Boxed residue numbers in panels a-1 and a-2 represent them. Ten pairs of cross-peaks aréfttdndrimrps of Asn and
GIn residues, but their peak labels are omitted. (c) The spectrum of 2580646-94]. This is characteristic of unfolded proteins.
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0 20 40 60 80 100 120 indicates that the presence of an extra N-terminal Met
e e perturbs the so-called hinge region. As described below,
0.6 8CH NMR structural analysis clearly demonstrates that the three-
04 I dimensional structure of metLYZ is quite the same as that
1 of wtLYZ despite the chemical shift perturbations found in
0.2 the hinge region.
g_ 0.0 1. S T On the other hand, the cross-peaks significantly weakened
o T T R in the DQF-COSY spectrum of 2SSf6127, 30-115]
o 0.2 compared with that of metLYZ. Especially in the fingerprint
< region, some HNHa correlations disappeared in the
04 spectrum of 2SS[6127, 36-115], although they intensely
_0.6__ appeared in the spectrum of metLYZ. They are residues
. — : [ S — mainly involved in the3-sheet and the loop region: the cross-
0 2|° 4|0 6? 8‘0 1?0 1$0 peaks of S36, N37, F38, S50, T51, D52, Q53, S60, R61,
06 . — W62, W63, A64, N65, D66, R68, T69, G71, R73, N74, A76,
' 8NH [ N77, S81, A82, V92, A94, and V99. Also, cross-peaks of
0.4 - L56, 158, 178, and L83 are greatly weakened, although they
were detectable. Most residues mentioned above are involved
g_ 0.2+ in the f-domain. Besides them, some of cross-peaks with
Q 40 medium intensities in metLYZ disappeared in the fingerprint
; region of 2SS[6-127, 30-115]. They are residues mainly
< -0.2+ involved in thea-domain: F3, C6, L8, A9, M12, K13, N19,
04 G22, S24, N27, A31, L75, A90, A95, K96, G102, V120,
o and G126.
0.6 - Although several HN-Ho cross-peaks of the residues
e NN S e S R contained in the N-terminal half (residues39) of a-domain
0 20 40 60 80 100 120

Residue Number

were undetectable as mentioned above, mosteHd, Ha-
Hp, and HB-Hp cross-peaks within their own residues were

Ficure 3: Differences in chemical shift values\§) between clearly obtained in the DQFCOSY spectrum. Therefore,
metLYZ and wtLYZ at 35°C for Ha and HN.AJ = dmeuvz —  resonance frequencies of almost all protons within residues
Owivz is plotted vs amino acid residue number. The chemical shift 1_5g could be determined using HNHa correlations

values are strongly perturbed at the N-terminus and around N39. . .
Further, they are perturbed around residues 55 and 86. TheseObt":llned from 3D TOCS¥HSQC spectra, despite the loss

residues are located near the extra N-terminal Met. of HN—Ha. cross-peaks in the DQFCOSY spectrum. Also
in the region of residues 82129, in general, HN-Ha,, HN—

to the spectrum of metLYZ, but those of R61 and R73 Hf, and Hx-Hp cross-peaks were clearly detected in either
disappeared. These results appear to indicate that a part ofhe DQFCOSY or the 3D TOCSY¥-HSQC spectrum except
the -domain becomes flexible by the removal of two for A94, A95, K96, and 198. Therefore, resonance frequen-
disulfide bridges in thgs-domain. This tendency is more cies of almost all protons contained in this region could be
visible in the DQF-COSY spectrum as described below. successfully determined.

DQF—COSY Spectra of metLYZ and 2SS[@7, 36— For most of residues 5681 of 2SS[6-127, 30-115],
115]. DQF—COSY spectra are available for resonance however, not only HN-Ha but also Hw-HS and H3-Hp
assignments of &, HB, and other side-chain protons after cross-peaks disappeared from the DEFOSY spectrum,
backbone HN-Ha correlations were identified. In the DQF although they are definitely detectable in metLYZ. As a
COSY spectrum of metLYZ, almost all cross-peaks were result, resonance assignments are quite incomplete for the
detected between HN andtexcept for L25, T40, P70, P79, residues contained in this region. Probably this reflects the
C80, and G104. In addition, cross-peaks were identified fact that the region ranging from S50 to S81 is strongly
between H. and Hx, between H.and H3, or between side-  perturbed by the removal of two disulfide bridges in the
chain and side-chain protons, including Nptotons. Peak  S-domain. For residues S50 to 158, G67, G71, R73, N74,
assignments in metLYZ are quite consistent with those and 178 involved in this region, HNHa correlations were
reported previously for wtLYZ15, 17, except for remark-  determined from the 3D TOCSYHSQC spectrum.
able changes in chemical shift value at some specific sites NOESY Spectra of metLYZ and 2SS[@7, 36-115].
described below. All the chemical shift values identified at Sequential NOE connectivities (NN-1) andoN(i,i+1))

25 °C are listed in the Supporting Information. are important for the accomplishment of resonance assign-

Although both NMR spectra of metLYZ and wtLYZ are  ments. The 3D NOESY¥HSQC spectrum was measured for
substantially the same, the resonance frequencies of indi-metLYZ and sliced at the respecti¥eN frequency (F2) to
vidual Ho. and HN are slightly perturbed by the addition of obtain F:-F3 spectra. In sucltH—'H NOESY spectra, on
the extra N-terminal Met. Chemical shift differences of the average, about seven NOE cross-peaks were obtained at
metLYZ from wtLYZ at 35°C are plotted in Figure 3. Itis  aresonance frequency of a specific HN. NN{1) andaN-
interesting that the perturbation in resonance frequencies is(i,i+1) connectivities detected for metLYZ are summarized
remarkable around the N-terminus, N39, 155, and S86 in bothin Figure 4(a), where NOE cross-peaks are classified into
Hoo and HN. The cross-peak of T40 could be found in neither weak, medium, and strong ones. A single open square
IN—IH-HSQC nor*H—'H DQF-COSY spectra. This represents a weak NOE, and single and double filled squares
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Ficure 4: Summary of sequential and short-range NOE connectivities. NOE cross-peaks are classified into three groups according to their
relative intensities; Open squares represent weak NOEs, and single and double filled squares on them denote medium and strong NOEs,
respectively. The secondary structures observed in the wtLYZ are indicated along residue numbers. A, B, C, and & ludivae.
ContinuousaN(i,i+3) connectivities are indicative af-helical structure. (a) metLYZ. (b) 2SS{@.27, 36-115]. Almost all sequential

NOEs disappear in the region of residues-838 in 2SS[6-127, 36-115], although a lot of NOEs are observed in metLYZ.

on it denote medium and strong NOEs, respectively. First, those in metLYZ. The resonance assignment of R73 was
this figure clearly shows that almost all backbone protons confirmed by the presence of intraresidue HnNo. and HN-

in metLYZ are connected by either NIN(+1) or aN(i,i+1) Hp correlations obtained in 3D TOCSYHSQC spectra.
NOEs, indicating that resonance assignments are entirelyThose of N74 and 178 were only rationalized by the slight
consistent with those obtained from DQEOSY spectra  shifts of ®N, HN, and Hx resonance frequencies from
within own residues. Second, strong NIN{1) connectivities corresponding ones in metLYZ. Since the cross-peak of D66

are found in A-, B-, and C-helices and stroaf\(i,i+1) in the 2D HSQC spectrum was far away from others, it was
connectivities in the N-terminal and th&sheet regions.  assumed correct.
In Figure 4, short lines represent observedl(i,i+3) In sequential NOE connectivities of 2SS{627, 30-115]

connectivities. They concentrate in A-, B-, and C-helices. shown in Figure 4(b), NN(i+1) connectivities concentrate
This is the strong indication that the polypeptide backbone in A- and B-helices, although almost all connectivities are
adopts a regular helical structure. medium or weak. Most of NNf+1) are lost in the C-helix
The 3D NOESY-HSQC spectrum of 2SS{6127, 30- region, while they are rather preserved well in the D-helix
115] was recorded in a similar manner. In-FA3 spectra region. FurtherpN(i,i+3) connectivities are hardly found
sliced at a fixed F2 frequency, on the average, five or six even in the A- and B-helix regions. Compared with the
NOE cross-peaks were detected at the resonance frequencias-helical structure existing in metLYZ, these data indicate
of a specific HN. As shown in Figure 4(b), sequential NOE that A-, B-, and D-helices are formed but considerably
connectivities, NNi¢i+1) and aN(i,i+1), were obtained perturbed and that the C-helix is significantly deformed in
between neighboring residues in the regions of residu&¥1  2SS[6-127, 30-115]. On the other handyN(i,i+1) con-
and 84-129. They certified resonance assignments for these nectivities are found in the region of residues4b (31-
residues. strand), but they are lost in tif®2- and33-strands. Probably
By contrast, any proper sequential NOE connectivity could this indicates that thg-sheet structure is remarkably distorted
not be obtained for residues 581, although some NOE by the removal of SS3 and SS4 bridges. Although a large
cross-peaks were detected at unassigned HN resonancaumber of sequential NOE connectivities were obtained in
frequencies ranging from 7.8 to 8.6 ppm in-Ha3 spectra. the loop region (residues 680) of metLYZ, they were
Peak assignments f#—*5N correlations of D66, G67, G71, entirely lost in 25S[6-127, 30-115].
R73, N74, and 178 in HSQC spectra are incomplete for lack  As a result of resonance assignments of 253%7, 30~
of sequential NOE connectivities. For these residues, one of115], chemical shift values for HN, d¢d and side-chain
cross-peaks with almost the sarft®l and the nearest HN  protons are summarized in the Supporting Information.
resonance frequencies was picked out from the HSQC Resonance frequencies of HN andxHn 2SS[6-127,
spectrum of 2SS[6127, 30-115] with reference to that of  30—115] were compared with those in metLYZ at 26.
metLYZ and tentatively assigned to an unidentified residue. Figure 5 shows chemical shift differences of 2SS]@7,
Then some evidence rationalized it. Since HN resonance30—115] from metLYZ. It is an interesting fact that the
frequencies of G67 and G71 shifted markedly, their reso- chemical shift perturbation is very small in the region of
nance assignments were rationalized by the facts that theirresidues +39 and 10%129. By contrast, it is considerably
TOCSY cross-peaks are characteristic of Gly, and their H large in the region of residues 458 and 82-100. Since
resonance frequencies in 2SS[B27, 36-115] are closeto  resonance frequencies of HN andttould not be deter-
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0 20 40 60 80 100 120 —j| = 5inthe case of metLYZ, while 76 long-range NOEs
ek s in the case of 2SS[6127, 30-115]. Figure 6 shows the 2D
06 . 8CH 7 NOESY spectrum of 2SS{6127, 30-115] in the—1.0 to
0.4 ‘ i 2.4 ppm range. Many long-range NOEs are found in this
} ‘ 1 Figure: for example, V92p—L17HS, K96He—L17Ho,
0.2~ - . A31HS—M105He, A11HB—I188HS, T43Hy—T51Hy,
Y ||| i ||| 1 X A32HB—L56H0, etc. Long-range NOEs provide definitive
o VL ] T | ] evidence for the presence of three-dimensional structure.
g 02+ - - Figure 7 represents the map of such long-range NOE con-
i g 1 tacts. Above the diagonal line, NOE contacts in 2SS[B87,
'0'4_' . ] 30—-115] are plotted, and those in metLYZ are plotted below
0.6 i the diagonal.
T T T T The contact map is divided into three regions: residues
. e ‘ . 1-39, 40-87, and 88-129. The region of 39 is the
06k ‘ ] N-terminal half of then-domain, 88-129 the C-terminal half
I 3NH | of thea-domain, and 4687 thep-domain. First, we describe
0.4 : = NOE contacts obtained in metLYZ. In Figure 3as
0 L 1 represents NOE contacts found in the joint region connecting
€ “1 A-helix (residues 415) and B-helix (2436): M12-L17,
& o0 L17-L25, D18-L25, N19-L25, L17-W28, Y206W28, etc.
= i A—B represents NOE contacts obtained at the interface
q 0F ‘ between A- and B-helices: L8-V29, L8-A32, A9-V29, etc.
od ‘ i Further, long-range NOEs are obtained at the sites where
L ; both ends of the N-terminal half af-domain are close to
06- ‘ . each other: V2N39, F3-N39, F3-F38, R5-F38, L8-F38,
1 rr>r T T T

etc. Residues 3840 correspond to the so-called hinge

] (hingel) connecting the-domain to the5-domain, while
Residue Number the jointJep connecting C-helix (8999) and D-helix (108

Ficure 5: Differences in chemical shift values between 2SS- 115) is involved in the C-terminal half of the-domain,

[?1_—&127,t3%1t_15] and metLYﬁ-_Aéth= O2ss — 5fmeer_ﬁ (;zge];nice; containing a number of NOE contacts: 198-A107, 498
shift perturbation is very small in the region of residu an _
101—-129. Since resonance frequencies of HN and dduld not W108, V99-M105, V99-W108, efc.

— T
0 20 40 60 80 100 120

be determined in the region of residues-, long broken lines ‘The N-and C-terminal halves oi-domain are in contact
are drawn to imply considerable perturbation in resonance frequen-Wwith each other. Long-range NOEs are found at the interface
cies. between B- and D-helices, between the C-termingh&lix

(ct310, 120-124) and the B-helix, or between the C-helix
mined in the region of residues 581 of 2SS[6-127, 30— and the joint connecting A- and B-helice®), which are
115] except for some residues, long broken lines are drawnreferred to as BD, ct3,—B, and C-Jsg in Figure 7,
in Figure 5 to imply considerable perturbation in resonance respectively. Long-range NOEs, N2W111, A31-W111,
frequencies at such sites. These results indicate againE35-A110, W28-M105, Y23W111, Y23-M105, W28
that the folded structure af-domain is well preserved in  W108, etc., are involved inBD region. In particular, NOE
2SS[6-127, 30-115] except around C-helix, while the contacts involved in €Jag region are important. Residues
p3-strand (residues 5%1) and the loop region are unstruc- on C-helix facing toward the center of thedomain are in
tured. close proximity to residues located Jag region, with both

Long-Range NOE Contacts in metL¥YAe 3D NOESY- side-chains being in contact with each other. The highlights
HSQC spectrum of metLYZ provided about 900 cross-peaks of them are V92-(M12, H15, L17), K96-(L17, Y20), V99—
between HN and protons in its vicinity, and that of 25S[6 (Y20, W28), etc. The contacts between 188 and the A-helix
127, 30-115] provided about 600 cross-peaks. However, (188—A) may be added to them (see Figure 1). These NOE

intraresidue or sequentidi (— j| = 1) or short-range|{ — contacts found at the interface between N- and C-terminal
jl = 4) NOE contacts were major components among them, halves ofo-domain rather predominate in tlhedomain.
while long-range |{ — j| = 5) NOE contacts were rather Also, within the-domain of metLYZ, there exist a lot of

minor because either proton must be HN on the backbone.long-range NOE contacts. In Figuref,—2 represents NOE
On the other hand, in 2BH—'H NOESY spectrum, since contacts betweefil (residues 4146) andj2 strands (56

too many cross-peaks were crowded into the center of the54), andf32—3 betweens2- and 3-strands (5761). In
spectrum, they were not easy to be distinguished from eachaddition, many long-range NOEs are contained in the so-
other. However in the spectral region below 1.0 ppm, called loop region (residues 6Z9) referred to as loop in
between 5.5 and 6.8 ppm, or above 9.0 ppm along the F2Figure 7. Further NOE contacts of (Q41, A42, T43B4
axis, cross-peaks were well separated from each other soor Y53—(A80, L83, L84) are found in the region referred to
that they could be identified as NOE contacts between aas 3310—3, where3,0 means the B-helix (residues 86
specific pair of protons. In these spectral regions, a large 84) existing in the3-domain.

number of long-range NOEs were obtained between side- On the other hand, interdomain contacts are limited
chain and side-chain protons. As a result, 193 long-range between thg-domain and the N-terminal half ef-domain.
NOEs were obtained between ttik andjth residues ofi In this region, only the turn of I55 and L56 (referred to as



NMR Structural Study of 2SS-Lysozyme Biochemistry, Vol. 41, No. 7, 2002137

= == === = {ppm)
, : 0.4
) 92G-17D <
<
<§ D) 92G-17D
0.8
<
96b-17D i
&5 o
) o ,
o o
@) 95b-17D ' :1,6
© 5
12b-17D )
. R - 2.0
f‘\/\} &see-ﬂo
| o . = © 27b-108E Q -
‘1 T T 7 T T T T 7 — T 2.4
(ppm) 04 0.0 -0.4 -0.8

FIGURE 6: 2D 'H—'H NOESY spectrum of 2SSf6127, 36-115] in the—1.0 to 2.4 ppm range. Many long-range NOE contacts appear
between side-chain and side-chain protons. Only long-range NOEs are labeled in the spectrum, where b, g, d, angHé @g4nGsH,
and CH, respectively. Capital letters denote €ptotons.

tn55) participates in the long-range NOEs; in Figure 7, ]
tn55-A and tn55-B represent the contacts of 155 or L56 with 120

A- and B-helices, respectively. Indeed, side-chain protons ] ...... . e
of 155 or L56 have long-range NOEs with those of 1 T ©oR

hydrophobic residues of F3, L8, M12, W28, A32, and F38. 100
Long-range NOEs exist also between fhdomain and the
C-terminal half of thex-domain. They are mainly 158C94,
I158—198, 158-W108, W63-198, and W63-A107, con-
structing the active site with a cleft. The turn of 155 and
L56 also participates in the contact with the C-helix (tn55-
C): 155—(188, T89, S91) and L56(A95, W108). Moreover,
178-A90 and 178-C94 are found between the C-helix and
B310. It appears important for folding of lysozyme that the
turn of 155 and L56 is embedded in the hydrophobic pocket
surrounded by A-, B-, and C-helices because the basement
of the 8-sheet is anchored to tlhedomain, and it facilitates

to attain the cooperativity between two domains.

Long-Range NOE Contacts in 2SS[627, 36-115]. Next ol = ,% —
we describe long-range NOE contacts found in 2S9[&7,- 0 20 40
30—115]. For instance, some of them are shown in Figure :
6. The contact map between residues is plotted above the Residue Number

. - : : : FiIGure 7: Long-range NOE contact map. A map below the
diagonal line in Figure 7. Also in this 2SS variant, NOE diagonal represents the NOE contacts in metLYZ, a map above

contacts are firml_y maint_ained within the N- and C-terminal {he diagonal in 2SS[6127, 36-115]. In each map, a symbol
halves ofa-domain despite the decrease in the total number indicates a long-range NOE connectivity observed between
of NOE contacts. In fact, AB, Jag, hingel, andlcp are backbone and side-chain protons of iltte residue and those of

; iatri i i thejth residue, wheréi — j| = 5. Symbols vary according to the
symmetrically distributed in the contact map (Figure 7). Also total number of observed NOE connectivities. 1, open circle;

in the interface_ region (I88A, C_‘]A_B’ B_[_)' Ct3i0—B), the 2—3, open square;45, filled circle; over 6, filled square. Long-
contact map is almost symmetrical with respect to the range NOE contacts are classified into some groups and labeled
diagonal line; that is, NOE contacts are well preserved at (see text).
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the interface between N- and C-terminal halves of the C-helices. If these atom contacts were established in 2SS-
o-domain. In particular, it should be noted that NOE contacts [64—80, 76-94], the3-domain might be folded stably due
are well preserved in €Jxg and I188-A region of 2SS[6- to the presence of both SS3 and SS4. Howeveritemain

127, 30-115]. Although the map of sequential NOEs is actually disrupted in 2SS[6480, 76-94] so that the
indicated that the backbone of the C-helix is significantly S-domain becomes unstructured because of the loss of
deformed, the side-chains of 188, V92, K96, and V99 are cooperativity between two domains.

properly embedded into the interior of tkedomain. As a On the other hand, a large number of long-range atom
result, side-chain packing between the N-terminal half of the contacts are involved in the-domain of 2SS[6-127, 30-
o-domain (L8, M12, L17, Y20 and W28) and the C-helix is 115]. In particular, when both SS1 and SS2 exist, the D-helix
stably maintained to complete the hydrophobic core in the is linked to the B-helix, and the ci@helix is close to the
o-domain. The complementary interactions among these B-helix. It is likely that these constraints due to cross-linking
side-chains are illustrated in Figure 1. This seems to be thefacilitate to attain the long-range atom contacts around the
strong propensity inherent in C-helix because this polypeptide regions B-D and ct3,—B located at the interface between
segment is quite free from the disulfide constraints. Long- N- and C-terminal halves of the-domain. Indeed many

range NOEs found in the regions of-Qag, B—D, ct3,5— long-range NOEs were obtained in these regions of 2SS-
B, and 188-A are definitive evidence that the-domain of [6—127, 36-115]. Further, close packing of side-chains was
2SS[6-127, 30-115] is quite similar to the native one. found between the C-helix and the N-terminal half of the

On the other hand, on|y NOE contacts 16]_—2 are a-domain in the hydrophobic core of 288‘[627, 30—115]
preserved within thg-domain of 2SS[6-127, 36-115]. Any as well as in metLYZ. In the presence of disulfide constraints
|ong_range NOE contact does not exist in the |00p region_ due to SS1 and SS2, once the structure with the nativelike
2—3 contacts are also lost. Further, NOE contacts found close packing is formed, intradomain atom contacts appear
around the cleft of metLYZ disappear in 2SS[627, 30~ to be enough to maintain stability of tkedomain. However
115]. These facts indicate that not only the loop but also the it should be noted that either SS1 or SS2 is indispensable
active site is unstructured. However, it is interesting ftat ~ for the preservation of the-domain even in the presence
and 32 strands adopt an antiparalf@isheet. This is also a  Of two disulfide bridges of SS3 and SS4.
strong propensity inherent in its amino acid sequence. Implications for Lysozyme Folding.has been found that
Moreover, the end gf2-strand is in close proximity to the  the collapse to the relatively compact globule occurs before
end of the B-helix (tn55-B). That is to say, NOE contacts of the folding transition of authentic lysozymég, 19. The
I55—F38, 155-N39, L56-W28 and L56-A32 are firmly  persistent structure acquired in thedomain during the
preserved in 2SS[6127, 30-115]. It is noteworthy that N-  folding process was similar to the so-called molten globule
and C-terminal ends of th8-domain (T40 and N87) and obtained at equilibrium under some unfolding condition
the basement of th@-sheet (155 and L56) are fixed together (20—-22). Many experiments have been carried out in
to the so-called hinge region, through the specific binding lysozyme andx-lactalbumin to prove that folding intermedi-

between the C-helix and the N-terminal half of teelomain. ates contain persistent hydrogen bonded structure in the
o-domain but lack stable structure in thfedomain. In
DISCUSSION particular, two-disulfide variants odi-lactalbumin, oLA-

[6—120, 28-111] andaLA[61—77, 73-91], were studied

Differences Between 2SS{27,30-15] and 2SS[64 by means of the disulfide exchange reaction and far- and
80,76-94]. NMR structural analysis demonstrated that the near-Uv CD spectra2@). They are close homologues to hen
structure of thex-domain in 2SS[6-127, 36-115] is quite lysozyme 2SS[6:127, 36-115] and 2SS[6480, 76-94],
similar to that of metLYZ, although thé-domain is largely respectively. aLA[6—120, 28-111] and alA[61—-77,
unstructured. On the contrary, the HSQC spectrum of 2SS-73-91] were found both to be in the so-called molten globule
[64—80, 76-94] was characteristic of unfolded proteins. state. Further, it was suggested that the persistent structure
285[64-80, 76-94] not only lacks stable structure in the acquired in thex-domain has nativelike secondary structure
a-domain due to the loss of both SS1(E6127) and SS2-  and nativelike topology but no significant tertiary structure.
(C30-C115), but it also lacks ordered structure in the The structural properties of kinetically trapped intermediates
-domain despite the existence of both SS3(€680) and  have been inferred from such a persistent structure existing
SS4(C76-C94). Therefore, the cooperativity betweserand in aLA[6—120, 28-111].
p-domains appears indispensable to attain the structure of QOn the other hand, in hen lysozyme 2SS|&7, 30-115]
the f-domain, whereas the structure @fdomain may be  stydied by us, the-domain is tightly folded and maintained
maintained almost independently from fhelomain if both  staply with leaving thg-domain unstructured. Judging from
SS1 and SS2 exist. its NMR spectra, however, the conformation acquired in the

The constraint alone due to SS3 and SS4 was insufficienta-domain is never the molten globule. Many side-chains are
to maintain stability of thgg-domain. What is necessary for closely packed within the hydrophobic core, as shown from
the stabilization of th¢g-domain? In metLYZ, some interac- long-range NOEs involved in the regions-B, ct3,,—B,
tions between two domains appear to support the structureC—Jag, and I188-A. Thus, 2SS[6-127, 30-115] in an
of the3-domain. For example, when the C-helix is built into  equilibrium state appears different from kinetically trapped
the hydrophobic core through the specific interactions with intermediates, rather similar to the final native structure in
the N-terminal half of the--domain, residues 86 and 87 are which the -domain is unable to be maintained stably
anchored to the hinge region. Further, side-chains of 155 andbecause of the loss of SS3 and SS4. In the folding process
L56 corresponding to the basement of fheheet are also  of authentic lysozyme with four disulfide bridges, it is likely
fixed in the hydrophobic pocket surrounded by A-, B-, and that kinetically trapped intermediates are in a dynamic molten
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globule state and proceed to the final native structure with SUPPORTING INFORMATION AVAILABLE
rearranging the polypeptide conformation.

When the constraints due to disulfide bridges are remove
from the polypeptide chain, residual structures existing in it
are stabilized through interactions inherent in the amino acid
sequence. In 2SSf6127, 36-115], the polypeptide segment
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