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ABSTRACT. The three-dimensional solution structures of human lysozyme were determined at 35 and 4
°C using the heteronuclear multidimensional NMR spectroscopy, which were compared with each other
to clarify the structural response of this enzyme to lowering of the temperature. Together with the data of
the temperature dependence experiments of the lytic activity agdiasicoccus luteusye consider the
implication of the observed structural change for the low-temperature-induced reduction of the activity of
human lysozyme. The structures of human lysozyme determined at the two temperatures are found to be
similar, both of which comprise foux-helices (A- to D-helices) and three antiparafiestrands §1—/33),

leading to the constructions of tlee andS-domains as previously identified in the X-ray crystal structure.

A significant structural change was observed for the “active site lobe” comprising the loop region connecting
C- and D-helices and the following D-helix, which moves toward the active site cleft located between the
o- and-domains so as to obstruct the cleft according to the temperature lowering. It further appeared
that the total volume as well as the accessible surface area of human lysozyme decreases with lowering
of the temperature, suggesting that the internal cavity of this enzyme shrinks under low temperature
environment. Because in human lysozyme the region comprising the active site lobe is responsible for
turnover of the enzymatic reaction against the substrate, the low-temperature-induced structural change
of the active site lobe presumably controls the efficiency of the lytic activity under low temperatures.

An enzymatic activity is generally depressed by decreasing the regulatory N-domain of troponin C (NTn&ye previ-
of the temperature from the optimum point to the freezing ously determined the NMR solution structures at 30 and 4
point (0°C). The inclination of the relative activity between °C; the comparison between them clearly revealed that a
the two poin_ts is cqrrelate_d vv_ith the activation energy of specific change occurs for a flexible functional region
the enzymatic reaction, which is generally small for the so- accompanying a local structural change at “hinge” residues
called psychrophilic enzyme if compared with the mesophilic with decreasing of the cavity volume of the prote#). (
COUnterpartS. Because such a maintained CatalytIC a..Ct|V|tyA|though for several model proteins the |0w-temperature-
even under cold temperature possesses a significant imporinduced shrinkage in the cavity volume has been identified
tance for industrial usages, the structural characterlstlcs(5), it is still unknown for many proteins whether their
essential for such enzyme have been studied extensiiely (  fynctional region specifically acquires a structural ability to
3), which commonly pointed out that a flexible functional regnond to lowering of the temperature, especially in the case
region is one of the key determinants to provide a significant of enzyme. The NMR spectroscopy clarifies the low-
activity under cold temperature. 'I_'h|s evoked us a queSt'.ontemperature—induced change of the three-dimensional (3D)
abou'tlwhether a functional region of a Ce”a".‘ Protein gicture and dynamics of an enzyme at the per residue level,
specifically shows a structural response to lowering of the hich is thought to provide crucial information to design
temperature under nondenatured conditions. In the case o - e

and _produce an activity-enhanced mutant or e}rtlflually
*The atomic coordinates for the final structures and the sets of modified protein that acts even under a cold environment.

restraints have been deposited with the Brookhaven Protein Data Bank
(accession codes 11Y4 for 3& and 11Y3 for 4°C minimized average

structure). 1 Abbreviations: NTnC, N-domain of troponin C; 2D and 3D, two
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sakae.tsuda@aist.go.jp. Phone81-11-857-8912. Fax:#+81-11-857- relaxation timeT,, transverse relaxation time; NOE, nuclear Overhauser
8983. enhancement effect; HSQC, heteronuclear single-quantum coherence
§ National Institute of Advanced Industrial Science and Technology. spectroscopy; DSS, 2,2-dimethyl-2-silapentane-5-sulfonate sodium salt;
"'Hokkaido University. Tm, Overall rotational correlation times, internal rotational correlation
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Here we choose human lysozyme (130 residues, MW  determined only for hen egg white lysozyme at°85(20;
14300) as a model enzyme to monitor the low-temperature- PDB code 1E8L) and for canine milk lysozyme at 3D
induced change using homo- and heteronuclear multidimen-(PDB code 1156) among all of the members of lysozyme
sional NMR techniques. Lysozyme is well-known to hydro- family, one reason of which may be due to the lack of a
lyze either thes-(1—4)-linked homopolymer oN-acetylchitose high-level secretion system of human lysozyme. Recently,
(chitin) or the-(1—4)-linked alternative copolymer com-  Oka et al. 1) established such a system for human lysozyme
posed ofN-acetylchitose andN-acetylmuramic acid in the  usingPichia pastoris which enabled us to overexpress the

peptidoglycan component of the cell walls of Gram-positive
bacteria 6, 7). A large body of the structural database of
the lysozyme family is currently available, which includes
the X-ray crystal structure of human lysozyme at 1.5 A

5N-labeled and the'*C/*°N-doubly labeled proteins ef-
ficiently. On the basis of the complete assignments of the
IH, N, and*3C resonances at 35 and°€ (22), here we
succeeded in determining the NMR solution structures at

resolution 8). Human lysozyme comprises foar-helices
[A-helix (residues Ar§—Arg'¥), B-helix (Lelw?>—GIlu®),
C-helix (Ala®*—Val®9), and D-helix (Val'°—Cys'19)], three
antiparallel3-strands (p, Ala*>—Asn’6; b,, Sef—Ile%5; and
bs, le>*—Sef?), and four disulfide bonds (C§sCyst?g
Cys0—Cys't6, Cys4—Cys, and Cy$’—Cys), which con-
struct theo-helix-rich ands-strand-rich domains (named
andg-domains), as typically identified for all of the chicken-
type (C-type) lysozymed). The structure of human lysozyme
cocrystallized with a substrate analogue (h&kaeetylchi-
tohexaose) has also been solvé@){ which demonstrated
that an active site cleft was located between theand
p-domains. The residues lining in the globular-shaped cleft
can accommodate its targeting six oligosaccharide units in
the sites generally termed subsitesA (11), which include
Thr*3, Asn*4, Asrf6, Thr%2, and [l1€5—11e> located in the
B-sheet, the C-terminus of the B-helix (Ptp-Sef?), the loop
connecting the C- and D-helices (residues®end Arg?—
Prot%), the N-terminus of the D-helix (residues APg-
Val'*®and Trg'?, and residues Afg, Tyre3, and Ala®. The - , i
structural database also includes the X-ray structure of a@dditions of small aliquots of either DCI or KOD.
C-type lysozyme from fish rainbow trout crystallized at 4 ~ Measurement of Enzymatic Agty. The lytic activity of
°C (12, 13), which shares 68% amino acid homology with human lysozyme againd¥l. luteuswas measured photo-
human lysozyme. Below 2TC, the rainbow trout lysozyme  metrically by a modification of the method by Morsk33).
possesses lower activation energy for catalytic activity against The assay sample (20f.) was added to 80@L of a cell
Micrococcus luteughan hen egg white lysozyme, so that Suspension oM. luteus(0.15 mg/mL) in 50 mM sodium
this fish lysozyme was assumed to be one of the cold-adaptedohosphate buffer (pH 6.4). The bacteriolytic activity was
variants (4). Hence, it might be interesting to consider the estimated from the slope in the absorbance at 450 nm for 3
structural response of human lysozyme to lowering of the min after addition of human lysozyme.
temperature with regard to the structural characteristics of NMR Spectroscopyll NMR spectra were obtained using
rainbow trout lysozyme. a Varian Unity INOVA 500 MHz spectrometer equipped
The 'H and ®™N NMR spectral assignments have been with triple resonance probe heads andy-, z-axis pulsed
performed for human lysozyme without substrate at tem- field gradients. For the assignments f, °C, and *N
peratures of 35C (15, 16) and of 40°C (17). For human resonances, the following multidimensional NMR experi-
lysozyme complexed with a substrate analogueNiri- ments were carried out!®N-HSQC @4), *C-HSQC 5),
acetylchitotrioside denoted as (NA&Mine et al. (6) made CBCA(CO)NNH @6), HNCACB (27), C(CO)NH @8),
the complete NMR assignments and executediNeNMR H(CCO)NH @8), **N-edited NOESY (75 ms mixing time)
relaxation measurements (i.d3, Tz, and NOE) so as to  (29), *N-edited TOCSY 80), and**C-edited NOESY 31).
elucidate the (NAG}binding effect on the motions of the  The 3D-HNHA (32) experiments were performed to obtain
backbone NH bond vectors in the pico- to millisecond time the3J coupling constants between NH and thgHGroton.
scale. This dynamical analysis was performed by application The set of NMR spectra was acquired at both 35 afng€ 4
of the model-free formalism of the spectral density function TheH chemical shifts were referenced from 2,2-dimethyl-
(18, 19) and by assuming the isotropic overall rotation of 2-silapentane-5-sulfonate sodium salt (DSS). T and
the molecule, which gave significant information about the 1°N chemical shifts were referenced indirectly from internal
detailed dynamic behavior of human lysozyme. Mine et al. DSS as previously describe8d). All of the NMR data were
(16) revealed that, for example, only folding pattern is the processed and analyzed on a SGlwrkstation (Silicon
major determinant for the internal backbone motions of Graphics, Mountain View, CA) using NMRPip&4) and
human lysozyme, and the difference in internal motion in PIPP @5) software. The complete assignmentf, 1°C,
the lobe composed of residues ¥&+Arg'?® in lysozyme and®®N resonances of human lysozyme at both temperatures
may be involved in the improvement of the activity. was reported 22) and deposited in the BioMagResBank
Interestingly, the NMR-based solution structure has been database (http://www.bmrb.wisc.edu).

each temperature. Together with 00N NMR backbone
dynamics measurement at@, we will discuss the structural
and dynamical response of human lysozyme to lowering of
the temperature and the implications for the low-temperature-
induced depression of the catalytic activity.

EXPERIMENTAL PROCEDURES

Sample PreparationThe expression system and purifica-
tion method of human lysozyme were reported as described
previously @1). The '*N-labeled human lysozyme was
obtained from the MM medium [1.34% yeast nitrogen base
without (NH,).SOy, (4 x 1075% biotin, 0.5% methanol]
containing the°N-labeled (NH),SO,. For thel*C-labeling,
we used<C-labeled methanol as a carbon source. The sample
was concentrated by ultrafiltration using Centriprep-10
(Millipore) and then lyophilized. The NMR sample was
prepared by dissolving 2 mM lyophilized human lysozyme
in 0.5 mL of H,O containing 50 mM KCI and 10% O for
the lock. The final pH of the sample was adjusted to 3.8 by
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Table 1: Statistics of the 20 Solution Structures of Human 300
Lysozyme at 35 and 4C
35°C 4°C
no. of distance restraints
totals 1676 1774 9
intraresidue 741 778 -
sequential 422 524 ‘E
medium rangel{ — j| = 4) 211 217 g
long range(i —j| > 4) 302 260 @
dihedral restraintsg) 96 63 Q
distance restraint violation 0 2 5
(>0.1A) g
backbone atoms rmsd ¢/ 0.865 0.835
energies (kcal/mol)
Frotal 163.08+ 6.67  153.88+ 3.31
Foonds 3.77+0.45 3.20+0.28 0 . . . . . .
Fangles 128.56+ 3.56  123.10+ 2.05 0 10 20 30 40 50 60 70
impropers 18.584+ 0.51 17.90+ 0.40 o
Fvan der waals 8.36+ 2.45 6.32+ 1.06 Temperature ( C)
Fnoe 3.66+ 1.06 3.27+ 0.62 . ; i
$andy in allowed region (%)  99.9 99.5 Ficure 1: Temperature dependence of the lytic activity of human

lysozyme againstl. luteus The activity was plotted as a function

o . . of temperature from 4 to 7€C, for which the activity at 33C is
Structural Determinationinterproton distance restraints  standardized to be 100%.

were obtained from!™N-edited NOESY and3C-edited ) )
NOESY with the lower bound on all proterproton restraints ~ ere peak-picked using the PIPP program. The steady-state
setting to 1.7 A. The hydrogen-bonding restraints obtained ‘H—""N NOE values were determined from the ratio of the
using the hbplus prograng@) were set to 1.8t 0.5 A for intensities of the peaks_wnh and wnhout proton saturation.
the HN-O distances and 28 0.5 A for the N-O distances. ~ P€ak intensity was estimated by using the PIPP program.
Backbone¢ dihedral angle restraints were based on the W& employed the following three spectral density models
Karplus equation3Jyuua = 6.51 cod (¢ — 60°) — 1.76 cos for fitting of thg\_ obtained®N relaxation data: (i) the s_l_mple
(¢ —60°) + 1.60 32). The minimum restraint range was set S te model, (ii) theS—7.—Re, model where the additional
to +20°. In the initial calculation stage, 100 starting structures Fex term takes into account potential chemical or conforma-
from an extended conformation of human lysozyme were tional exchange, and (iii) the two-time-scaf#—S?—7s
calculated by using the simulated annealing (SA) protocol Model whereS? andS? are the order parameters character-
of X-PLOR 3.851 87) with heating for 60 ps and cooling 129 the slow a_md fast internal motions, re_zspecnvely. We
for 30 ps. Approximately 70% of the initial structures were found the best-fit sets of the_model-fr_ee motlonal_ parameters
converged. The type and number of distance and dihedral(S: Te Rex & and §?) using our in-house grid search
restraints are summarized in Table 1. The structural refine- Program, which optimizes thg? function given by Farrow
ment was carried out by starting with the 50 lowest energy ©t al- @3).
converged structures using the X-PLOR SA protocol by RESULTS
applying the NOE restraints plus the hydrogen-bonding and
¢-angle restraints with heating for 30 ps and cooling for 20 Enzymatic Actiity. Figure 1 shows the lytic activity of
ps. The VADAR (D. S. Wishart, L. Willard, and B. D. Sykes, human lysozyme againM. luteusmeasured in the temper-
unpublished) and PROCHECK®) programs were also used ature range between 4 and 70, for which the activity at
to identify the well-defined secondary structural elements 35 °C is standardized to be 100%. As shown, human
from the 20 lowest total energy structures, ap@ngle lysozyme exhibits an ordinary profile of thermal dependence
restraints were applied for subsequent rounds of the refine-of the enzymatic activity, which is theoretically assumed to
ment. The energy-minimized average structure at both be a summation of the exponential and the bell-shaped
temperatures was calculated from the 20 lowest total energycurves, the former originating from the noncatalyzed reaction
structures using the SA protocol with the following steps: and the latter originating from irreversible denaturatié#) (
(i) 2000 cycles of restrained energy minimization and (ii) As for Figure 1, the exponential part of the curve (guided
800 cycles of unrestrained energy minimization. All structure by broken lines) reflects the genuine thermal dependence of
calculation was performed on a SGF @orkstation. The the chemical reaction, and the part of the curve between
Molscript 39), Raster 3D 40), and MOLMOL (41) pro- almost midpoint of the slope and the top region arises from
grams were used for structural descriptions. the balance between heat-induced activation and thermal
Backbone Amidé°N Relaxation Measuremerithe >N unfolding states. Consequently, we could evaluate the
relaxation measurement3—T;, >N—T,, and *H—°N optimum temperature of 63C and the activation energy of
NOE) were performed on a Varian Unity INOVA 500 41.8 kJ K'* mol™! (using Arrhenius plot) for the catalytic
spectrometer at 35 and 4C using the pulse sequences activity of human lysozyme. When the relative activity of
described in re#i2. T delays were used foF; (T = 0, 10, human lysozyme at 4C is compared with the value at 35
20, 40, 80, 160, 320, and 640 ms) ahd(T = 10, 30, 50, °C, the reduction ratio (4°C/35 °C) is 7.6%. These
70, 90, 110, 130, and 150 ms). The decays of cross-peakevaluations are nearly identical to that evaluated for the other
intensities with timeT in the T; and T, experiments were  C-type lysozyme including hen egg white lysozyme and
fitted to a single exponential by a nonlinear least-squares canine milk lysozyme using the same substrate (10.8% and
method. All of the'H—5N two-dimensional (2D) spectra  11.8%, respectively). The human lysozyme exhibits 60.2%
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Ficure 2: Stereoviews of the solution structures of human lysozyme determinetCafAl blue) and at 35C (B, red). For each structure,
the backbone atoms (N, £and C) of the family of 20 structures are well superimposed and shown in the rod representations. Only two
loop regions (residues Ala-Arg®® and Ly$8—-Gly’?) and the C-terminal region (V&P—Val'29) are poorly defined presumably due to their
high segmental mobility. This figure was produced with the program MOLM@1). (
sequence homology with the hen egg white lysozyme, 51.5%we obtained a total of 1676 and 1774 NOEs, of which 741
homology with canine milk lysozyme, and 68.5% homology and 778 are intraresiduali (— j| = 0), 211 and 217 are
with the rainbow trout lysozyme, respectively. It should be medium-range (X |i — j| < 4), and 302 and 260 are long-
noted that only below 20C the lytic activity of rainbow range NOEs|( — j| = 5), respectively, whereandj are the
trout lysozyme is significantly higher than that of the hen residue numbers of two atoms. Totals of 96 (&) and 63
egg white lysozymel). It has been demonstrated that these (4 °C) dihedral¢ angle restraints were obtained from the
lysozymes construct a highly homologous three-dimensional measurements of th&ys-na coupling constants by using
structure comprising the same sets of the secondary structuraBD-HNHA experiments. Statistics of the structural calcula-
components. These data indicate that the C-type lysozymesion are listed in Table 1. The 20 calculated structures for
possess a similar, but not identical temperature dependencéoth temperatures have no distance violation greater than
of the lytic activity irrespective of their amino acid replace- 0.2 A. Panels A and B of Figure 2 show the well-converged
ments. 20 structures determined at 4 and 85 respectively, both
Structural Determination of Human Lysozyme at 35 and of which are superimposed on the residues from°Aggy
4 °C. On the basis of the complete assignments of'the Val'?>, The root-mean-square distance (rmsd) of the heavy
15N, and °C resonances performed at 35 and@, the backbone atoms (CC', and N) of the converged structures
solution structures of human lysozyme were determined atagainst the average minimized structure is 0.865 A &35
these two temperatures using the NMR-derived 1772 andand 0.835 A at £#C, respectively. The Ramachandran plot
1837 experimental restraints, respectively. For each structurewas obtained with the PROCHECK program. It revealed that
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Table 2: Segmental rmsd (A) between the°85 4 °C, and X-ray

Structures A
segment 354°C X-ray—35°C X-ray—4°C

A-helix  Arg5—Arg 0.228 0.118 0.164

B-helix Lew>—Glu® 0.255 0.247 0.204

C-helix  Ala®—Val*® 0.265 0.221 0.130

D-helix  Val*'>—Cys!16 0.264 0.250 0.122

B-sheet  Ald>—Asn'S, 0.589 0.448 0.377
Sefl-lle,
lle%%—Sef?

99.9% (35°C) and 99.5% (£C) of the¢ andy angles fall
into the allowed region except for glycines, which validate
the qualities of the present determined structures.

It appeared that the secondary structural locations of B —m—m'_m_ m" m—.,m_m',_
human lysozyme are not significantly different between the #
35°C, 4°C, and the X-ray crystal structure®)(The solution .
structures are found to comprise two distinct domains: the &
o-helix-rich domain (denoted asdomain, residue numbers = : A
Lys'—Thr*® and Al&#°—Val*3%) and thes-strand-rich domain 8. ]
(B-domain, Arg'—11e®). The locations of four-helices and g
three 5-strands identified in the two NMR structures are  ° . o . 20
A-helix (Arg5—Arg9), B-helix (Let?>—GIlu®), C-helix (Ale®— T e PRI < ._:s \.' ".. .. .-;
Val®), D-helix (Valio—Cys!19), Bi-strand (Ald2—AsrT), f,- AR A Wl renaT
strand (Sé—11e%), and fs-strand (Il€°—Sefl). Poorly I T T e T B e m T E
defined regions are the two loop regions (residues‘’Ala residue number
Arg*® and Ly$*—Gly’) and the C-terminal region (Ve FIGURE 3: (A) Comparison of the structure of human lysozyme

Val*39), which are known to exhibit higher segmental motions determined at 4C (blue) with that determined at 3& (red). The

in the members of lysozyme family as suggested by'iNe cylinders represent the secondary structural components of the A-

NMR relaxation measurement.). The high segmental to D-helices as well as theghelices, and the arrows represent
those of thes-strands. A significant change of the structure was

motions for these regions were also suggested by the X'rayobserved for a region including the D-helix {&€, light blue; 35

study @) and a recent high-resolution solution structure oc pink). This figure was produced with the programs Molscript
determined using the NMR residual dipolar coupling infor- (39) and Raster3D40). (B) Difference in the backbone coordinates
mation @0). When it compared the overall structure between (A) of human lysozyme between 4 and 36. The secondary

the X-ray crystal structure (denoted X-ray), the°85solution structural components are depicted along the amino acid sequence.
structure (35-NMR), and the 4C solution structure (4-
NMR), the backbone rmsd evaluated for a segmenfArg
GIn'26 between X-ray and 35-NMR is 0.926 A, X-ray and

Table 3: Comparison of Interhelical Angles, Accessible Surface
Area, and Total Volume of Human Lysozyme between 35 ani€ 4

4-NMR is 0.670 A, and 35-NMR and 4-NMR is 0.830 A, 35°C 4°C
respectively. The backbone rmsd for thehelical regions interhelical angles (deg)

except for the D-helix (residues ArgTyr®® and Al&o— 2(83 %6;44 %gii;‘
Val®9) between the X-ray and 3% NMR is 0.342 A, the AD 11747 119+ 6
X-ray and 4°C NMR is 0.366 A, and the 35C NMR and BC 100+ 4 110+ 2

4 °C NMR is 0.410 A, respectively. The segmental rmsd EB 91)%7;56 éiii34
are also listed in Table 2. These data mply that the overall total volume (&) 1493+ 452 142624 361
structural feature of human lysozyme is not changed by .cessible surface areajA 6835+ 155 6676+ 98

dissolving in water and by lowering of the temperature from
35to 4°C. is ascribable to its higher segmental mobility. Another region
Structural Change of Human Lysozyme by Temperature showing a significant difference is the N-terminal side of
Lowering.Figure 3A shows the minimized average structures the D-helix (Figure 3), the orientational change of which
of human lysozyme determined at 35 andG} which are presumably leads to the difference in coordinate of the
superimposed so as to achieve the smallest rmsd of the twdollowing C-terminal segment (Figure 3B). The structural
coordinates. The differences for the backbone coordinateschange of the D-helix is characterized as thé d%ange of
of the two structures are plotted in Figure 3B, for which the the interhelical angles between C- and D-helices as listed in
secondary structures are depicted along the residual numbersTable 3. This specific low-temperature-induced change
Taking into account an uncertainty of the NMR-based protein presumably correlates with the reductions of the total volume
structures, the two coordinates are thought to be identicalas well as the accessible surface area with decreasing of the
for most of the region within the range of about 2 A. It temperature. The total volume of 14923#nd the accessible
appeared that a loop connecting ffieandj2 strands (i.e.,  surface area of 6835%are estimated for the intact molecule
Asn*6—Sep!) exhibits a significant difference in coordinate (Cys—Val'?®) of the 35°C NMR structure and those of
larger tha 2 A (Figure 3B). Again this region is poorly 14262 & and 6677 & estimated for the same region of the
defined in all of the available coordinates of lysozyme, which 4 °C structure on the assumption that the molecule is
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spherical in shape (program VADAR) (Table 3). For the
region from Cy§ to Trp!® that lacks the D-helix, the total
volumes of 12513 Aand 11607 A are estimated for the 35
and 4°C structures, respectively. These data show thats

of the total volume of human lysozyme decreases by
lowering of the temperature from 35 to°€, which is in
accordance with the result of adiabatic compressibility
experiments (5).

Backbone Dynamics at 35 and . The >N NMR
relaxation data (i.eT1, T2, and NOE) of the backbone NH
bond vectors were obtained for 121 and 107 amide groups
at 35 and 4°C, respectively, which gave nonoverlapping

15N-HSQC cross-peaks. For these residues, on-average values

of T = 411.3 ms, T, = 144.5 ms, and NOE= 0.65 are
estimated for 35C, and those of; = 763.0 ms,T, = 66.0

ms, and NOE= 0.74 are estimated for 4C, respectively.
For ligand-free and -bound human lysozymes, Mine et al.
(16) closely examined thé®N internal dynamics at 35C

(pH = 3.8) on the basis of the assumption that the relaxation
is principally governed by the isotropic rotational diffusion.

The present data were analyzed under the same assumptio

using the Lipari-Szabo model-free formalisml8, 19),
paying our attention to the conformational exchange term
(Rex), which is often interpretable to the result of the
rotational diffusion anisotropyb, 46). We applied five types

of the model-free spectral density functions as described in
Mine et al. 16) and optimized them by fitting of the
functions to the obtained set of the relaxation parameters.
For the first estimation of the overall rotational correlation
time (tm), we used theT,/T, ratio of each residue whose
NOE value is larger than 0.60 (500 MHz), satisfying the
condition t,, << wy! (47). Consequently, the overall cor-
relation times £, of 5.2 and 12.9 ns were evaluated for 35
and 4°C, respectively. The former is comparable to the value
of 4.97 ns previously estimated for the ligand-free human
lysozyme at 35°C (pH = 3.8) (16). Figure 4A shows the
generalized order paramete®)(reflecting a piscosecond
to nanosecond time scale of internal motion evaluated for
15N-labeled human lysozyme at 3& (closed circles) and 4
°C (open circles). As shown, the present obtaigégrofile

at 35°C is similar to that of Mine et al.16), which verifies

the Mine indication that the folded pattern is the major
determinant of the internal motion of lysozyme. It obtained
a similar profile ofS for the 4°C structure, the on-average
value of which (0.879) is slightly higher than that evaluated
for 35 °C (0.841). This result suggests that the internal
motion of human lysozyme is slightly depressed throughout
the molecule with decreasing of the temperature. As shown
in Figure 4B, a significant increase B« with the temper-
ature lowering was detected for the linker region located at
the C-terminal side ofi; and for the region including the
D-helix. Again, theRe is often interpretable to the result of
the rotational diffusion anisotropy4$, 46) and that the
change ofRe at the D-helix is presumably a result of the
orientational change of the D-helix (Figure 3) of human
lysozyme with lowering of the temperature.

DISCUSSION

The present study characterizes for the first time detailed
3D structural changes of human lysozyme induced by
lowering of the temperature under nondenatured conditions.
The most significant observation is that residueg®fte
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FiIGURE 4: (A) Comparison of the generalized order parame®ér (
of the backbone NH bond vector of human lysozyme at’G5
(closed circles) with that at 4C (open circles), which is extracted
from N NMR relaxation measurement$y( T,, and NOE). The
evaluations are made by fitting of the parameter using the model-
free approachl, 19) under the assumption of isotropic tumbling.
(B) Rex term plotted for the residues that require its inclusion in
the fitting process. The data obtained at@ are represented by
open circles and those at 36 by closed circles; the latter is highly
identical with the data shown in Figure 3 of Mine et dl6). The
secondary structural components are depicted between the plots.

Aspt?®including the D-helix specifically undergo a structural
change with lowering of the temperature (Figure 3) as
characterized by the change of the®listerhelical angle
between C- and D-helices (Table 3). This change of residues
llet%6—Asp'2% which comprises the-domain’s side of the
wall of the active site cleft, is depicted in Figure 5 as the
GRASP representation (red, 3€; blue, 4°C). This cleft
lobe was thought to be responsible for the turnover in the
enzymatic reaction4@®). As shown in Figure 5, this region
moves toward the polysaccharide binding cleft (i.e., subsites
A—F) by lowering of the temperature from 35 t6@ so as

to obstruct the cleft. Song et all@ determined the two
X-ray crystal structures of human lysozyme denoted as
MOL1 and MOL2 at 1.6 A resolution; the former constructs
a complex with (NAG) and (NAG), both cleaved from
(NAG)e, and the latter with (NAG) It appeared that the
(NAG), is bound to subsites A, B, C, and D, and (NAG)
also comes closer to subsites E and F. Song et @ figrther
made comparisons between the complex and a ligand-free
structure determined by Artymiuk and Blak8),( which
revealed that an almost identical region (A%pAsp'?9) of
human lysozyme shows significant shifts of the backbone
atom positions when it forms a complex with the ligand.
They further recognized that the movement occurs toward
the region of residues C¥s-Thr’®, which results in “closing”
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Ficure 5: GRASP representations of the structures of human
lysozyme determined at 4 and 36, which are superimposed so

as to minimize the rmsd between the two backbone coordinates.

The large active site cleft is located betweendh@nd-domains,

in which the polysaccharide binding subsites denoted -af Are
indicated. The polysaccharide’s sugar ring is indicated by yellow.
The D-helix portion is colored in blue for 4C and red for 35C,
respectively.

of the active site cleft, leading to the tight associations with

Biochemistry, Vol. 42, No. 5, 20031215

2-fold increase in viscosity of water. Overall, the structural
changes of human lysozyme are consistent with a low-
temperature-induced decreasefnas proposed on the basis
of compressibility experiments.

Among the members of the C-type lysozyme, only rainbow
trout lysozyme was assumed to be one of the cold-adapted
variants since its lytic activity is higher than that of the other
lysozymes below 20C (14). The X-ray structure of this
fish lysozyme was determined when it forms three complexes
with the polysaccharide ligand of (NAG)(NAG)s, and
(NAG),, respectively, which were compared with the ligand-
free form (L2). Interestingly, the maximum difference in atom
positions between the ligand-bound and -free forms of the
rainbow trout lysozyme is less than 0.3 A (Figure 12 of ref
12). The region that exhibits the greatest conformational
change was assigned to residues from'%o Asp!'®, which
forms the active site lobel®). This 0.3 A difference is
significantly small if compared with the difference between
the ligand-free and -bound forms of human lysozymé.6
A) (Figure 1 of ref 10). In the present study, a larger than 2
A difference in backbone atom positions was observed for
the lobe region between the 4 and“&structures of human
lysozyme (Figure 3B). These data suggest that in rainbow
trout lysozyme the active site lobe acquires less mobility
compared with human lysozyme, which might be one of the
key determinants to differentiate the catalytic efficiency
between the two lysozymes under low temperatures. It should

the polysaccharides. The present result suggests that thde noted that Tr§° of human lysozyme was demonstrated

closing of the active site cleft occurs at the active site lobe
only by temperature lowering without any substrate. It might

to be extremely important for the catalytic reaction through
its van der Waals contact with Gfu(48). Rainbow trout

be possible to assume that the active site lobe of humanlysozyme contains the corresponding residues of°fgnd

lysozyme undergoes the “opening” and closing of the cleft

Glu®s, so that a factor to define the nature of active site lobe

as a function of the temperature, because such result wa®f rainbow trout lysozyme may be ascribed to a portion

obtained in our previous NMR study on NTn@)(which
revealed that a functional segment comprising a “helix
loop—helix” structural unit packs more tightly against the
rest of the protein with lowering of the temperature; NTnC
becomes the more inactive form by the temperature lowering
(4). It should be noted that NTnC is constructeddbfelices

including the other amino acid residues.

To summarize, we succeeded in determining the solution
structures of human lysozyme at 35 and@ using the
conventional multidimensional NMR spectroscopy. The
detailed comparison between the 35 andCi structures
revealed for the first time that an active site lobe has a

as the dominant secondary structural motifs, while human structural ability to obstruct the polysaccharide-binding cleft
lysozyme comprises botti-helices ang3-strands. It might  only by temperature lowering without any substrate. This
be interesting that the structure of the functional domain of mechanism presumably correlates with the low-temperature-
these two proteins commonly possesses a specific temperinduced reduction of the lytic activity. It might be speculated
ature dependence irrespective of their difference in principal from the obtained data that under nondenatured conditions

structural constituents.

The adiabatic compressibility experiments revealed that a
partial specific volume 1°) of chicken hen egg white
lysozyme decreases from 0.717 to 0.703 mL/g with lowering
of the temperature from 40 to £C (5), which was assumed
to be contributed by the low-temperature-induced shrinkage
of the volume of the cavity originating from imperfections
in atom packing. The present study revealed that a similar

decrease in total volume and accessible surface area occurs 3

in human lysozyme (Table 3), which is indicative of the low-
temperature-induced shrinkage of the internal cavity of this
molecule. Indeed, it observed a slight depression of the
internal motion of the backbone NH bond vector with
temperature lowering (Figure 4), which will be interpreted
as that the internal fluctuation space becomes small with
lowering of the temperature. It should be noted that the
overall molecular motional correlation time.{) becomes
2-fold slower (5.2— 12.9 ns), which will be explained by a

a functional region of a protein specifically responds to
lowering of the temperature.
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