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Ribonuclease (RNase) T, is a guanyloribonuclease,
having two isozymes in nature, GIn25- and Lys25-
RNase T,. Between these two isozymes, there is no
difference in catalytic activity and three-dimensional
structure; however, Lys25-RNase T, is slightly more
stable than GIn25-RNase T,. Recently, it has heen
suggested that the existence of a salt bridge between
Lys25 and Asp29/Glu31 in Lys25-RNase T, con-
tributes to the stability. To elucidate the effects of the
replacement of Lys25 with a Gin on the conformation
and microenvironments of RNase T, in detail, the
three-dimensional solution structure of GIn25-RNase
T, was determined by simulated-annealing calcula-
tions, As a result, the topology of the overall folding
was shown to be very similar to that of the Lys25-
isozyme except for some differences. In particular,
there were two differences in the property of torsion
angles of the two disulfide bonds and the conforma-
tions of the residues 11-13, 63-66, and 92-93. With
regard to the residues 11-13, the lack of the above-
mentioned salt bridge in GIn25-RNase T, was thought
to induce the conformational difference of this seg-
ment as compared with the Lys25-isozyme. Further-
more, it was proposed that the perturbation of this
segment might transfer to the residues 92-93 via the
two disulfide bonds.

Key words: Electrostatic interaction/
Guanyloribonuclease/Nuclear magnetic resonance/
pK, calculation/Ribonuclease T,/ Structure calculation.
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Introduction

Ribonuclease (RNase) T, (EC 3.1.27.3)is an acidic protein
of 104 amino acid residues, secreted by the fungus As-
pergilius oryzae. It specifically cleaves a single-stranded
RNA chain at the 3’-phosphates of guanylyl residues
through transphosphorylation of the 3, 5'-phosphate
bonds to form the 2’, 3'-cyclic phosphates, followed by
hydrolysis of the latter to the corresponding 3'-phos-
phates (Egami et af., 1964; Takahashi and Moore, 1982;
Kojima et al., 2000; Loverix and Steyaert, 2001; Yoshida,
2001}, Since RNase T, is one of the smallest enzymes with
aclear base specificity as well as high stability, it has been
extensively studied by various methods including chemi-
cal madifications (Takahashi and Moore, 1982), protein
engineering (Nishikawa et al., 1987, McNutt et al., 1990;
Steyaert et al., 1990; Steyaert et al., 1991; Steyaert and
Wyns, 1993; Landt et al., 1997; Steyaert, 1997, De Vos
et al., 1998), nuclear magnetic resonance (NMR) meas-
urements (Arata et al., 1979; Inagaki et al., 1981; Kyogoku
et al., 1982; Hoffmann and Rliterjans, 1888; Shimada and
Inagak, 1990; Schmidt et al., 1991; Fushman et al., 1994,
Weisemann et al., 1994; Pfeitfer et al., 1997), and X-ray
crystallography (Heinemann and Saenger, 1982; Arni
et al., 1988, 1992; Sugio et al., 1988; Hakoshima et af.,
1992; Gohda et al., 1994} to elucidate the catalytic mech-
anism and the mode of interaction with substrate analogs.

Two isoforms of RNase T, exist in nature: one has Gin
and the other Lys at position 25 (Egami et al., 1964;
Heinemann and Saenger, 1982). Of these, GIn25-RNase
T, has been the major target of most biochemical and
biophysical studies (Takahashi and Moore, 1982), al-
though the three-dirensional (3-D) structure was first de-
termined for Lys25-RNase T, by X-ray crystallography
{Heinemann and Saenger, 1982} and NMR spectroscopy
(Pfeiffer et al., 1997). No difference has been detected in
catalytic activity between these enzymes; however, the
folded structure of the Lys25-isoform was reported to be
more stable (by 0.9 kcal/mol} than that of the GIn25-
isozyme (Shirley et al., 1989; Kiefhaber et al., 1880, Yu
et al., 1994). The conformation of GIn25-RNase T, deter-
mined by X-ray crystallography is indistinguishable from
that of Lys25-RNase T, at a resolution of approx. 1.8 A,
but the location of the base-binding site is fairly different
from molecule to molecule in a crystal (Hakoshima et al.,
1992). The enzyme contains one a-helix, two isolated p-
strands located in the N-terminal region, and a five-
stranded anti-parallel B-sheet, and the base recognition
site includes Tyr42 through Glu46 and Asn98 (Heinemann
and Saenger, 1982; Arni et al.,, 1988, 1992; Sugio et al.,
1988; Hakoshima et al., 1992; Gohda et af., 1994).
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Recently, high-resolution 'TH NMR and multi-dimen-
sional NMR technigues have been successfully applied
to the determination of the higher-order structures of pro-
teins. As for RNase T,, a serfes of NMR studies were per-
formed with the GIn25-isozyme, including investigation
of the enzyme-inhibitor interaction (Inagaki et al., 1981;
Kyogoku et al.,, 1982; Hoffmann and Riiterjans, 1988).
However, the determination of the solution structure has
so far been carrfed out only for the Lys25-isozyme (Pieii-
fer et al., 1997). In the previous study, our group reported
the sequence-specific resonance assignments of the H
NMR spectra of GIn25-RNase T, (Kojima et al., 1995).
Comparison of the proton chemical shifts of GIn25-
RNase T, with those of the Lys25-isozyme indicated that
the replacement of Lys25 with GIn significantly affects
the chemical shifts of the C-terminal part of the a-helix
region including Lys/GIn25 and the guanine-binding site
(Kojima et al., 1995). Therefore, it is of interest to investi-
gate these effects of the Lys25-to-Gin replacement on
the microenvironments of the 3-D solution structure.

In this study, the 3-D solution structure of GIn25-
RNase T, was determined by two-dimensicnal (2-D) pro-
ton NMR spectroscopy at 600 MHz on the basis of 1340
interproton distance constraints derived from the nuclear
Overhauser effect (NOE), 30 distance constraints for
15 hydrogen bonds and 37 dihedral angle constraints
from coupling constants, and the results were compared
with those of the | ys25-isozyme. In addition, we calculat-
ed the theoretical pK, (pK.,.} values using the atomic co-
ordinates of the structure determined and compared the
PK... Values of the catalytically important residues with
the experimentally determined pK, (pK,,) values {Inagaki
etal., 1981; Spitzner et al,, 2001).

Results

Structure Calculations of GIn25-RNase T,

A total of 1340 NOE distance constraints were derived
from assigned NOE cross peaks, which included 392 in-
tra-residue, 384 sequentfal (/| = 1), 180 medium range
{1 < |i4] < 5) and 384 long-range (Ji-f| = 5) constraints
(Figure 1). A total of 50 structures were calculated on the

Table 1 Structural Statistics for the Calculated Structures of
GIn25-RNase T,.

Parameter Value
X-PLOR energies (kcal mol-1)

E rome 243.3+10.2
E aons 11.6£0.9
F anaie 145.3+5.3
E \en 19.8+1.2
E vow 21.613.2
E wee 43.3x4.4
E com 1.7+0.5

RMS deviation from idealized geometry and experimental con-
straints

Bonds (4) 0.0028 +0.0001
Angles (deg) 0.6030+0.0110
Improper torsions {deg) 0.395010.0140
Interproton distances {A) 0.0250+0.0010 -
Torsion angles (deg) 0.8630+0.1330

Cartestan coordinate RMS differences for backbone atorns (A)

All backbone atams (1-104) 0.85+0.14
Well-defined regions (2-68, 74~103) 0.77+0.13
a-helix (13-29) 0.27£0.06
All heavy atoms (1-104) 1.21£0.11
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Fig. 1

Distribution of the Number of Experimental Distance Constraints on the Primary Structure of GIn25-RNase T,.

Filled bars: intra-residual NOEs; open bars: sequential NOEs; shaded bars: medium-range NOEs; hatched bars: long-range NOEs,
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basis of the above distance constraints, 37 dihedral an-
gle constraints, and 30 hydrogen bond distance con-
straints. A final set of 24 structures was selected on the
basis of minimum total energy, which had no violations of
distance restraints = 0.5 A and dihedral angle restraints
=z 5.0°. The ensemble coordinates of GIn25-RNase T,
were deposited in the Brookhaven Protein Data Bank un-
der the file name 11YY. Structural statistics for the 24 con-
verged structures are given in Table 1. Small root-mean-
square (RMS) deviations of the bonds from idealized
geometry (typically < 0.007 A), as well as small values of
the X-PLOR energies, indicated good geometry of the fi-
nal set of the structures.

NMR Structure of GIn25-Ribonuclease T, 1175

The average RMS differences (+ standard deviation) of
this ensemble were 0.85+0.14 A for the backbone atomns
and 1.2110.11 A for all heavy atoms (Table 1). Figure 1
shows the number of distance constraints at each
residue, and the distribution of the RMS differences from
the mean structure for the backbone atoms and all heavy
atoms is shown in Figure 2A. For residues 2-5, 10-33,
38-42, 52-63, 76-92, and 100-103, the values of the
RMS differences are smaller than 0.8 A for the backbone
atoms, and for residues 2-4, 10-25, 27, 30, 32-33,
38-41,52-63,74,76,78-80,86-92,101,and 103, they
are smaller than 2.0 A for all heavy atoms. These residues
composed one a-helix and seven B-strands (Figure 2A).
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Fig. 2 Distribution of the RMS Differences from the Mean Structure of GIn25-RNase T, {A) and between the Averaged Solution Strug-

tures of the GIn25- and Lys25-Isozymes (B).

(A) The averaged values of backbone atoms (N, C,, and C') and all non-hydrogen atoms were plotted as filled and open circles, re-
spectively. A shaded or filled bar indicates the position of an a-helix or a B-strand, respectively. (B) The averaged value of backbone
atoms (N, C,, and C’) was plotted as filled circles, Filled and shaded bars indicate the diffused disorder segments of the GIn25 and Lys25

isozymes, respectively.
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The individual backbone conformations of all residues
in the final XPLOR ensemble are presented in the Ra-
machandran maps (Figure 3A and 3B). According to the
analysis with the program PROCHECK, 52.5% of the
residues are located in the most-favored regions, 45.4%
in the allowed regions, and 2.1% in the disallowed re-
gions. The majority of residues found in energetically un-
favorable regions for non-glycine/proline residues were
glycine residues (Figure 3A). However, most of the
glycines were found in allowed regions for glycine (Fig-
ure 3B). Nevertheless, the plots of Gly7 (13 out of
24 structures) and Gly47 (20 out of 24 structures) existed
in the disallowed region, These glycines were found to be
located in the disordered loop regions (Figure 2A).
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Disulfide Bridge Geometry

As described in the Introduction, Pfeiffer and coauthors
(1997) determined the solution structure of Lys25-RNase
T, {PDB code 1YGW). Interestingly, they revealed that
there are two conformations in solution for the torsion (x,)
angle of the disulfide bond between Cys2 and Cys10. In
this study, we also analyzed all the ¥, angles in the 11YY
ensemble and tabulated the results as well as those of
other solution and crystal structures of RNase T, (Table 2).
In the 1IYY ensemble, there were two conformations for
the ¥, angles, not only of the Cys2-Cys10 but also of the
Cys6-Cys103. However, the major part of the chirality ob-
tained for the Cys2-Cys10 and the Cys6-Cys103 adopted
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Fig.3 Ramachandran Plot for the 24 Final Structures of GIn25-RNase T,.

Glycine residues are plotted with *+'. The grey-shaded backgrounds indicate allowed regions for non-glycine/proline residues (A) or
glycine (B), which were determined from 378 different crystal structures with a resclution of 2.5 A or better, The regions where the den-
sity of points (¢, w) from this statistic is higher are shown by a shadow.

Table 2 Comparison of the Cysteine Side-Chain Conformation in the Solution and Crystal Structures between the Two RNase T,
Isozymes.

¥4 (degreesp
Isozyme GIn25-RNase T, Lys25-RNase T,
State Solution® Crystale Solution® Crystale
Cys2-Cys10 ~90+14 (18)/66 16 (6) =114 (1RLS), - 123 (1B2M} ~72£1(16)/72+7 (18) -115 (9RNT), — 120 (1RNT)

Cys6-Cys103 119£30 (17)/-125x22 (7} 114 (1RLS), 116 (1B2M) 49+14 (34} 110 (9RNT), 110 (1RNT)}

*Values corresponding to conformations near right-handed or left-handed disulfide bridges with x,=90° or x, = —90°, respectively, were
averaged individually.

PAverage x; angles of final XPLOR and DIANA ensembles comprising 24 and 34 conformers, respectively. The number of conformers of
each group is given in parentheses.

The PDB codes for the crystal structures are given in parentheses.
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left-handed and right-handed conformations, respective-
ly, which were consistent with those of the crystal struc-
tures (PDB codes 1RLS, 1B2M, 9RNT, and 1RNT). In solu-
tion, the chirality of the Cys6-Cys103 in Lys25-RNase T,
adopted a right-handed conformation; on the other hand,
that in the GIn25-isozyme showed a mixed chirality. For
the Cys2, Cys10, and Cys103 residues in the GIn25-
isozyme, the tight %, torsion-angle restraints were ob-
tained from the quantitative analysis of the y, related &/
couplings. Moreover, the f-methylene protons of the
three cysteines were assigned stereospecifically. There-
fore, the mixed chirality of the two disulfide bridges in the
11YY ensemble is thought to be a genuine property in so-
lution and not to be caused by a lack of the NOE data.

Description of the Solution Structure of
GIn25-RNase T,

Figure 4 shows the backbone of the ensemble represent-
ing the solution structure of GIn25-RNase T,. The region
of the residues 13-29 {H-1) formed an a-helix with the
typical hydrogen-bonding patterns including residues 12
to 30. The connectivity of d,,(i.i+4) was observed from
Ser12 to Glu28 intermittently; whereas o (i.i+2) connec-
tivity was observed only between Ser12 and Ser14, be-
tween Gly23 and GIn25, and between Glu28 and Gly30
(Kojima et al., 1995). Accordingly, this indicates that this
helix is an ordinary a-helix rather than a 3,4-helix, consis-
tent with the crystal structure of the GIn25-isozyme
{Heinemann and Saenger, 1982; Sugio et al., 1988; Arni
et al., 1992). On the other hand, in the Lys25-isozyme, the
C-terminal residues of the H-1 were more characteristic of
a 3,-helix (Pteiffer et al., 1997). Furthermore, the side
chains of Asp3, Ser12, and Ser13 in the Lys25-isozyme
formed partially populated hydrogen bonds with the
backbone amide protons of residues 13 and 14, howev-
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er, such a feature (so-called 'N-capping’ helix) was not
observed in the GIn25-isozyme.

The seven segments of the residues 4-5 (B-), 10-11
(B-II), 40-42 (B-Il), 56-59 (B-IV), 76-81 (B-V), 86-92
(B-VI), and 100-103 (B-VIl} were identified as p-strands.
As shown in Figure 4, these §-strands are deduced to
form two anti-parallel f-sheets as based on the inter-
strand NOE connectivities and the results of the hydro-
gen-deuterium exchange experiments (Kojima et al.,
1995). One is located near the N-terminus of this protein,
and is composed of the two short strands B-1l and B-l;
the remaining strands form the central anti-parallel five-
stranded p-sheet (Figure 4). The hydrogen-bonding pat-
tern between the backbone segments of the residues
76 -81 and 86-92 is disturbed by insertion of residues in
the latter strand, the residue 79 forming a classical B-
bulge with the residues 87 - 88 (Kojima et al., 1995}, This
is also observed in the solution structure of the Lys25-
isozyme (Pfeiffer et al., 1997). While the locations of the
strands B-1l, B-V, B-Vl, B-VIl and B-l agreed well with
those of Lys25-RNase T,, the strands B-Ill and B-IV had
different locations: in the Lys25-isozyme, the strands B-
Il and B-IV comprised residues 38-40 and 57-61, re-
spectively. In contrast to the solution structure, the N-ter-
mina! B-strands B-ll and B-l in crystals were isolated from
each other and did not form a B-sheet (Heinemann and
Saenger, 1982; Sugio et al., 1988; Ami et al., 1992).

On the other hand, conformational disorder was ob-
served in many loop regions (Figure 2A): the residues
6-9 (L-1), 30-39 (L-Il), 43-55 (L-III}, 60-75 (L-IV), and
93 -99 (L-V1), except for residues 82-85 (L-V). The LI,
L-IV, and L-VI were located on the surface of the molecule
facing toward the substrate and were in close vicinity
{Figure 4). Their imprecise definition was most likely due
to a lack of data caused by their high glycine content
(Figure 1), since glycine residues cause a reduction of

Fig. 4 Stereo View of the Backbone of the Solution Structure of GIn25-RNase T,.
The superposition was carried out so as to minimize the backbone RMS deviation from the mean structure for residues 2-103. The a-
helix, seven p-strands, and five loops are labeled H-1, B-1 to B-VII {the right view), and L-1 to L-VI (the left view), respectively.

=533 ~



178 K.-i. Hatano et al,

NOE data due to a low atom-packing density. On the oth-
er hand, the L-Ill, including one of the guanine-recogni-
tion sites, showed a high conformational disorder includ-
ing all the heavy atoms (Figure 2A), The flexibility of the
base-binding site has been suggested by X-ray crystallo-
graphic and NMR studies of the Lys25-isozyme (Mar-
tinez-Oyanedel et al., 1991; Pfeiffer et al., 1997). There-
fore, the mobility of the L-1ll, including the base-binding
site, may be essential to bind the guanine base of a sub-
strate during catalysis.

Comparison between the Calculated and Observed
pK, Values of the Catalytically Important Residues

The pK_,. values of the catalytically important residues
{His40, Glus8, and His92) and His27 of the 1IYY ensem-
ble are listed in Table 3 as well as the corresponding pK,,,
values determined previously (Inagaki et &, 1981;
Spitzner et al.,, 2001). The pK_,. values of the His27 imi-

dazole group and the GIuS8 carboxylate agreed compar-
atively well with the corresponding pK,,, values. On the
other hand, the pK_,, values of the His40 and His92 imi-
dazole groups were in poor agreement with the corre-
sponding pK,,, values. Moreover, the pK_,, values of
His40, Glu58, and His92 had large standard deviations
{(more than 2 pH units), Therefore, we have classified the
NMR structures into groups on the basis of the pK_, val-
ues of the His40 imidazole, GluS8 carboxylate, and His92
imidazole groups in order to consider the real microenvi-
ronment of each ionizable group (Hatano et af., 2003).
With respect to the His40 imidazole group, the
24 structures wera classified into two groups in terms of
PK ae- One (models #1, 2, 4 -6, 15, 18, and 24 in the 1IYY
ensemble) is a group with a low pK_,, value (average
3.8+2.0), whereas the other group (all the remainder in
11YY) has a high pK_,,. value (7.3 0.6). The forrmer group
has a low value (- 2.1 £ 1.5} of ApKeraeer 2Nd the His40 im-
idazole group is close to the side chains of Tyr38 and

Table 3 lonization Constants of the Catalytic Groups in the Ensemble of GIn25-RNase T,

lonizable PK rodel® PR e Solvent PK e’

group accessibilityt

His274 7.0 7.6£0.7 56+8 7.320.0(7.0£0.0)
His40 7.0 6,121 716 7.9x0.0(7.8£0.1)
Glus8 44 35122 22+8 4.3+0.1 (4.0£0.0)
Hisg2 7.0 2.6£2.0 3810 7.8+£0.0(7.31£0.0)

*Model compound pK, values used are taken from data on the titration behavior of denatured
proteins (Nozaki and Tanford, 1967).
tSolvent-accessible surface areas per residus {A2) were estimated from the 1IYY ensemble
using the program MOLLMOL {Koradi et al., 1996) and a probe size of 1.4 A.

These values of GIn25-RNase T, were quoted from (Inagaki et af., 1981). The corresponding
values of Lys25-RNase T, are also given in parentheses (Spitzner et &/, 2001}

“This residue is not one of the catalytic residues, but is indicated in the Table for comparison,

Fig. 5 Stereo View of the Catalytic Site of GIn25-RNase T, in Solution.
The backbone of the average structure and the side chains of the catalytic residues are shown, The catalytic and cther important

residues are labeled,
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Arg77 in space; on the cther hand, the latter has a large
ApKiera Value (1.1 £0.8). It is likely that the proton of the
imidazole group in the former group can be dissociated
easily due to the hydrophobic interaction with the aro-
matic ring of Tyr38 and electrostatic repulsion by the
Arg77 guanidino group. Considering the pK,,, value of
His40, this residue in reality would be away from the side
chains of Tyr38 and Arg77 as in the latter group (Figure 5).

In the case of the GluS8 carboxylate, we classified the
24 structures into two groups, one group {models #1, 2,
4, 15, and 21) with a high pK_,. value (the average,
7.0x0.8) and the other with a low pK,,, value (2.5+1.3).
The former group has a smaller solvent-accessible area
{average 11+3 A2, with the carboxyl group prevented
from the solvent access by the aromatic rings of Tyrd2
and Phe100, as compared with that of the other group
{25+ 7 A2). Taking the PK.,, value of GIu58 into consider-
ation, this residue would not be prevented from such sol-
vent access in reality. In addition, the site-site interaction
potential analysis based on the ApKi ..« Values (Figure 6}
indicated that the ionization of the carboxy! group of
Glus8 is influenced strongly by the nearby His40 imida-
zole and Arg77 guanidino groups. Therefore, such an
electrostatic interaction with the positive charges of
His40 and Arg77 may contribute in a major way to de-
pression of the pK,, value of the carboxyl group of Glu58.

As for the imidazole group of His92, the ensemble was
classified into two groups; one group {model #2, 4,5, 8,
11, 15, 17, 18, and 20-23) with a low pK_, value (aver-

NT-Al
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Fig.6 Diagona! Plot Representation of the Site-Site Interaction
Analysis Based on the Matrices of ApK|,. Calculated for the
1YY Ensemble.

The two axes are scaled with the ionizabfe groups of GIn25-
RNase T,. The squares connect the pairs of the ionizable groups
for which site-site interactions were observed: filled, strong
(APKinence = 1.4): hatched, medium (0.7 = APK o < 1.4); Open
squares, weak interactions (0.1 s ApK e < 0.7). The averaged
APK e valUES higher than 1.0 are displayed beside the
sguares,
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age 1.2 +1.6) and the other with a high pkK_,,. value {aver-
age 4.3+0.8). The former group, of which the imidazole
group has strong interactions with the titratable groups of
Tyr42 and Arg77 (Figure 6), has a larger ApK, ..« value
(-2.9+0.6} than that of the other group (~1.0+0.6). The
averaged pK_.. value of the former group indicates that
the His92 imidazole group can dissociate readily dueto a
hydrophobic interaction with the aromatic ring of Tyrd2
and electrostatic repulsion by the Arg77 guanidino group.
Considering the pK,,, value of His92, in reality it would be
pointing away from the side chains of Tyrd2 and Arg77 as
in the latter group {Figure 5). Nevertheless, the pK,,, val-
ue of the ionizable group of His92 is markedly low as
compared with that of the model compound (Table 3).
The difference (4.4) between the pK_,. and pK, . values
consisted of ApKg,,, of -2.8+0.5, ApK,,., 0f 0.4£0.9, and
APK, o ©f —2.0£1.1. Among these contributions, the
Born term was notable as well as the site-site interaction
term. Probably most of the side chain of His92 would be
buried inside the molecule as judged from its low solvent
accessibility (Table 3). The former group has a larger
ApKg,,, value (the average, —3.210.2), where the imida-
zole group has a hydrophobic interaction with the Tyr38
and Tyrd2 rings (Figures 5 and 6), as compared with that of
the latter (~2.4+0.3). Therefore, the discrepancy in pK_,,
value for the His92 imidazole group is thought to be due to
the large ApK,,, value as well as the ApK| ... Value.

As for the His92 imidazole group, Inagaki and coau-
thors (1981) described that the remarkable pH depend-
ence of the C2-proton chemical shift was ohserved in
GIn25-RNase T,. The chemical shift of the C2 proton was
abnormally up-field (~7.5 ppm) at pH 6 and then showed
two significant inflections with extrinsic pK,'s 0f 4.20.1
and 1.0x0.2, which indicates some interaction with a
carboxylate-bearing residue. However, from the site-site
interaction analysis of GIn25-RNase T,, such a carboxy-
late-bearing residue was not found anywhere (Figure 6).
Therefore, we could not exclude the possibility that the
two significant inflections are involved in the pK,,. value
of His92. In summary, models #3, 7, 9, 13, and 14 in the
1YY ensemble were revealed to satisfy all the obtained
PR values.

Discussion

Both isozymes of RNase T, are common in nature. The
difference in the coding sequence of the two isozymes at
amino acid 25 is an A—~C nucleotide transversion, result-
ing in the change in the codon from lysine to glutamine.
The only other isozyme that exists with a nuclectide point
mutation at this position (A-—+G} is Glu25-RNase T,. How-
ever, this mutant is apparently deleterious, since it has
not been detected in nature. At the outset of this study,
we had interesting questions about whether there is any
structural or functional evolutionary selection pressure
that would favor one isozyme over the other under any
circumstances.
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In addition to the NMR studies and X-ray crystallogra-
phy studies of this intensively investigated model en-
zyme, there are also other significant studies. A detailed
functional study (Heinemann et al., 1980} reported no dif-
ferences in catalytic activity or substrate specificity be-
tween the two isozymes. This is not surprising since
amino acid 25, located in the a-helix of RNase T,, is on
the opposite side of the molecule from the active site.
Qther important studies include a number of stability
studies on the two isozymes performed by chemical or
heat denaturation (Shirley et af., 1989; Kiefhaber et af,,
1990, Yu et al., 1994). The GIn25-isozyme was found to
be less stable by about 0.9 kcal. In their study on the sta-
bility of Lys25-RNase T,, Kiefhaber and coauthors (1990)
rationalized the differences in stability by energy mini-
mization calculations, suggesting that a salt bridge oc-
curs between Glu28 and Lys25 in Lys25-RNase T, that
cannot occur in the GIn25-isozyme. Their studies were
done in 1990 when only the X-ray structure had been
published (Heinemann and Saenger, 1982).

Here we addressed this stability issue by comparing
the NMR solution structures of bath isozymes. Indeed, no
significant differences were reported in the X-ray crystal-
lography studies so that a thorough comparison of the
NMR solution structures and comparison of these with
the X-ray structures would be welcomed in addressing
the stability issue. As described in the Results section, we
revealed that GIn25-RNase T, has neither an N-capping
helix nor a partial 3,5-helix in the helical end as compared
with the Lys25-isozyme. Furthermore, we have calculated
the averaged solution structures of the two isozymes and
a comparison between them revealed that backbone
RMS differences of the residues 11-13 (B-Il), 37 (L-11),
49-51 (L-lIly, 53-55(L-Ill), 63-66 (L-1V), 6974 (L-IV), 85
(E-V), 92~-93 (L-VI), and 98 (L-VI) were more than 1.0 A
(Figure 2B). In Lys25-RNase T,, the conformational disor-
der was shown to present in the backbone segments of
residues 7-9, 12-14, 34-36, 43, 50-53, 69-75,
81-88, and 93-99, in which backbone RMS deviations
were more than 1.0 A (Pfeiffer et al., 1997; Figure 2B). On
the other hand, the backbone disorder in the GIn25-
isozyme existed in the residues 7-8, 34-36, 44-45,
47-489, 51, 64-66, 69-74, and 94-98, in which back-
bone RMS differences were more than 1.0 A (Figure 2A,
B). Therefore, the conformations of the residues 11-13,
B3-66, and 92-93 are thought to be sensitive for the re-
placement of Lys25 with Gin.

In the previous study, the replacement of Lys25 with

Gin was shown to definitely affect the NH and/or CH
chemical shifts of Lys/GIn25 (the values shifted, 0.15
ppm/0.12 ppm), Leu26 (0.15 ppm/0 ppm), Asp29 (0.23
ppm/0.10 ppm), Phe48 (0.16 ppm/0.05 ppm}, and Thrd3
(0.02 ppm/0.10 ppm) (Kojima et al., 1995). Furthermore,
the NH and/or C_H chemical shifts in the GIn25 isozyme
were also investigated under another experimental con-
dition at 305 K and pH 4.4 (Kojima et al., unpublished re-
sults). As compared with the chermical shifts of the GIn25-
isozyme under the conditions of this study, the NH and/or
C,H chemical shifts of the residues Thr5 {values shifted
by 0.25 ppm/0.01 ppm), Ser12 (0.28 ppm/0.08 ppm),
Ser13(0.19 ppm/0.01 ppm), Asp29 (0.07 ppm/0.01 ppm),
Asnd4 (0.21 ppm/0.02 ppm), Glu46 (0.12 ppm/0.01 ppm),
and Cys103 (0.08 ppm/0.06 ppm} were affected by 0.05
ppm or more. These results indicate that the residues
Asp29 and Thr93 are sensitive for the Lys25-to-Gin re-
placement and that the residues Thr5, Ser12, Ser13, and
Cys103 are sensitive for the thermal and/or pH change.
As described in the Results section, the base-binding
site, including Tyr42 through Glu46 and Asn98, has been
suggested to be very flexible by an X-ray crystallograph-
ic study; therefore, the chemical shifts of Asn44 and
Glu46 would be easily affected by the experimental con-
ditions. On the other hand, it is noteworthy that the
residues 11~13 (B-1l) and 92-93 {L-V]) exist in the well-
converged regions (Figure 2A).

From a molecular dynamics calculation, Suzuki and
coauthors {1995} concluded that Asp29 and/or Glu3i,
but not Glu28, might be the counterpart of the electro-
static interaction of Lys25in Lys25-RNase T,. This is con-
sistent with the results that the C H, chemical shift values
of Asp29 and Glu31 for the GIn25-isozyme differ by 0.27
ppm from those for the Lys25-isozyme as well as the NH
and C_H chemical shifts (Kojima et al., 1995). Indeed, the
side chain of Lys/Gin25 was closest to that of Asp29 in
the NMR structures of 1YGW and 1YY ensembles
(Table 4), whose conformation would be more favorable
both structurally and energetically. However, in GIn25-
RNase T,, a salt bridge between Asp29/Glu31 and GIn25
could not be formed due to the lack of the electrostatic
interaction. Probably the lack of such a salt bridge would
induce the conformational perturbation of the N-terminal
end of the a-helix in the GIn25-isozyme, leading to the
loss of an ‘N-capping helix’ structure as reported in the
Lys25-isozyme. This is consistent with the result that the
RMS differences of the residues 11-13 between both
isozymes were more than 1.0 A (Figure 2B). Furthermore,

Table 4 Distances between the Specific Atomns in Each Ensemble of RNase T,.

Ensernble name GIn25-RNase T, (11YY) Lys25-RNase T, {1YGW)
Starting point NE2 atom of GIn25 NZ atom of Lys25
Destination CD atom of Glu28 9.1:1.7A 6.9+1.1A

CG atom of Asp29 70:1.6A 55+1.3
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the perturbation of this segment might transfer to the
residues 92-93 via the two disulfide bonds, which re-
flacts the differences in torsion angles of the disulfide
bonds between these isozymes. The segment of
residues 11-13 is also very sensitive for thermal and/or
pH change in Gin25-RNase T,. It is most likely that this
perturbation transfers to the disulfide bond Cys6-
Cys103, which is consistent with the above-mentioned
differences of the backbone chemical shifts.

In conclusion, GIn25-RNase T, is revealed to have no
salt bridge between Asp29/Glu31 and GIn25, so that the
helical regicn losing a salt bridge would perturb the N-ter-
minal helical end and this perturbation might transfer to
the residues 82-93 via the two disulfide bonds. These
perturbations would be involved in the stability of Lys25-
RNase T, to the GIn25-isozyme. On the other hand, the
negative charge of Glu25 in the Glu25-RNase T, would
receive an electrostatic repulsion from the negative-
charge cluster including Glu28, Asp29, and Glu3f;
hence, the above-mentioned perturbations in Glu25-
RNase T, would be more serious than those in the GIn25-
isozyme. Accordingly, it is most likely that structurally
evolutionary pressure favors the Lys25- and GIn25-
isozyme more than the other ones, especially the Glu25-
RNase T,. It is very interesting to examine the 3-D struc-
ture, catalytic activity, and thermodynamic stability of
Glu25s-RNase T,.

Materials and Methods

2-D NMR Measurement

The sample was dissclved at 2 mm in 10% D,0/20% H,Q,
pH 5.5. Nuclear Overhauser effect spectroscopy (NOESY)
{Jeener et al,, 1979; Kumar et al., 1980) spectra were recorded
on a Bruker AMX600 spectrometer at 313 K, and the chemical-
shift values were referenced to the external sodium 2,2-di-
methyl-2-silapentane-5-sulfonate (DSS). The spectra were
recorded in a time-proportional phase-incrementation mode
{Drobny et al., 1979; Bodenhausen et al., 1980). The chemical
shifts of individual protons of the NOESY spectra were assigned
referring to the previous results (Kojima et al., 1995).

Experimental Constraints for Structure Calculation

We selected the NOESY spectra with a mixing time of 150 ms for
structure analysis, since it provided the largest number of NOE
cross-peaks and the best signal-to-noise ratio. The cross peaks
were picked up using the software package Felix {Biosym Tech-
nologies, Inc., San Diego, USA). Taking into account the two-
spin diffusion and internal motion, all the observable NOE inten-
sities were estimated using the program CORMA (Keepers and
James, 1984). The NOE information was classified as 1.8-2.7,
1.8-3.5, or 1.8-5.0 A on the basis of the intensity. Appropriate
pseudo-atom corrections were applied to non-stereospecifical-
ly assigned protons (Withrich, 1984).

The fifteen hydrogen-bonded amides (Kojima ef af., 1995)
were defined as two additionat distance constraints, 2.5 A < Ng-
0, = 3.5 Aand 1.5 A < NH,-0,, = 2.5 A. Constraints on the ¢ an-
gle were classified according to the size of the 3J,y,, coupling
constant (Pardi et al., 1984). For the 21 residues, of which 3J,,,,,,
were more than 8 Hz, the ¢ angles were constrained to the range
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—160° < ¢ <= -80°. Constraints on ¥, were determined by exam-
ination of DQF-COSY and NOESY spectra (Wagner et al., 1987).
From this analysis, one was constrained to 20° =+, s 100°, eight
were constrained to —100° = %, = —20°, and five were con-
strained to 140° < x, = 220°. The cis w angles for the two X-Pro
peptide linkages were constrained to 0° + 80° (Stewart et al.,
1990). The three explicit disulfide bonds were constrained to
CanSp=299A+050Aand 5,5, =2.02A£0.02A.

Structure Calculation

On the basis of the interproton distances and dihedral angle re-
straints, structure calculations were performed with the program
X-PLOR version 3.1 {Briinger, 1992). Calculations were started
from random coil conformations as initial structures and the
structures were optimized using the hybrid distance geome-
try/simulated annealing protocol. Several rounds of structure
calculation and assignment were performed in order to resolve
the ambiguities. The final values of the force constants used are
as follows: 50 kcal mol-7 A-2 and 200 keal mol* rad-2 for the
square-well interproton distance and torsion angle constraints,
respectively; and 4 kcal mol-1 A-4 for the quartic van der Waals
repulsion term with the hard-sphere van der Waals radii set to
0.8 times their values in the energy parameters of the ‘parall-
hdg.pro’ file (Brooks et af., 1983).

The resulting conformation ensemble was analyzed with the
program PROCHECK (Laskowski et a/., 1996). The solvent-ac-
cessible surface area per residue was analyzed using the pro-
gram MOLMOL version 2k.1 (Koradi ef al., 1996). Computer
graphic representation was obtained using the software pack-
age of MidasPlus (Ferrin et al., 1988). All calculations and graph-
ical displays were performed on IRIS O, color graphics worksta-
tions (Silicon Graphics Ing.).

pK, Calculation

The pK, values of the icnizable groups were calculated with the
program MEAD (Bashford and Gerwert, 1992; Bashford, 1997),
based on the atomic coordinates of the molecular structures de-
termined {PDB codes, 11YY and 1YGW). The program allowed
estimation of the three types of electrostatic contributions to the
titrating group by solving a linearized Poisson-Boltzmann equa-
tion both in the protein molecule and in model compounds (V-
formyl N-methyl amide derivatives). The three contributions are:
AAGy,,.,, the interaction of the titrating charge with the polariza-
tion that this charge itself induces in the surroundings; AAG,..,
the interaction of the titrating charge with the non-titrating (back-
ground) charges such as a peptide dipole; and AAG, iy, the In-
teraction of the titrating charge with other ionizable charges
(Bashford and Karplus, 1990}. Calculations were performed with
an internal dielectric constant of 4, a dielectric constant of the
surrounding water of 80, an ionic strength of 0.1, temperature of
313 K, and others including lattice settings of default parameter
values. The background partial charge of each atom was taken
from the AMBER all-atom force-field parameters (Weiner et af.,
1986), and the atomic radii were the standard van der Waals radii
{Bondi, 1964). ApKgemr APKback: AN APKiorae are defined as the
corresponding pK, shift due to the AAG,,,., AAG,.., aNd AAG ..
«ct: FESPECctively as:

ApKgom = AAG, /(2.303 kg T)
APKpaok = AAG 0, /(2.303 kg T)
APKieract = AAGinleracl /(2-303 kB T}

where kg and T represent the Boltzmann constant and the ab-
solute temperature, respectively, pK,. was estimated due to the
total contribution of these three pK| shifts as:

— 837 —~



1182  K.-i. Hatano et a/.

chalc = meodeI - (ApKBam + Aprack + ApKIntarac!)

where pK| .. is the pK, of a corresponding r-hodel compound
{Nozaki and Tanford, 1967).
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Nondestructive Observation of Bovine Milk by NMR
Spectroscopy: Analysis of Existing States of Compounds and
Detection of New Compounds
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In this study were successfully observed the one- (*H, *C) and two-dimensional ("H-"3C, 'H-"N,
H-31P) NMR spectra of milk directly without any pretreatment. The signals of each NMR spectrum
were assigned, and their existing states were also analyzed. Lactose existed in a free state in milk.
The signals due to the butyric acid chain can be assigned among the other fatty acid chains.
Monounsaturated fatty acid (oleic acid chains) and polyunsaturated fatty acid chains (linoleic and
linolenic acid) were assigned by their characteristic signals. The signals from citrate, N-acetylcar-
bohydrates, and lecithin could be observed directly in the 'H—"3C HSQC NMR spectra; the assignment
of their signals was made through the "H-"3C, TH-"5N, and 'H—3'P HMBC spectra of extracted
milk. Signals from creatine and N-acetylcarbohydrates were detected for the first time.

KEYWORDS: 'H NMR; 3°C NMR; P NMR; 2D-NMR; milk; saturated fatty acid chain; unsaturated fatty

acid chain; creatine; N-acetylcarbohydrates; lecithin

INTRODUCTION

Nuclear magnetic resonance (NMR) spectroscopy has been
widely applied in organic chemistey and biochemistry to identify
organic compounds and to structurally analyze biopolymers (/).
Recently, NMR spectroscopy has been shown to be a very
effective and versatile tool for food scientists because it is
nondestructive, selective, and capable of simultancous detection
of compounds in complex mixtures (2). NMR spectroscopy has,
therefore, been applied to the analysis of oils, juice, drugs, and
coffee (3—35). In the observations that have been conducted,
NMR experiments have been made under *“no water” conditions.
NMR experiments have always required the removal of H;O
and the dissolution in D;0. This may cause the loss of volatile
or low molecufar weight substances.

Other analytical techniques such as chromatography and mass
spectrometry have been successfully applied to milk (6). All of
these methods require specific extractions from milk, which
cause problems such as the loss or change of volatile or sensitive
compounds and the denaturation of proteins, as well as
measurements that require a long time to complete and are
complicated to perform. 'H NMR spectroscopy has not been
applied directly to milk for two reasons: Milk is overwhelm-
ingly made up of water, which means that the signal from water
is 5o large that it possibly overlaps most of the signals in the
'H NMR spectra from other components; milk is a complicated
emulsion, and therefore it is difficult to obtain a good, sensitive,

* Comvesponding author (telephone +81-3-5841-5165; fax +81-3-5841-
8023: e-mail amtanok @ maik.ccc.u-tokyo.ac.jp).

NMR spectrum. As a result, although there have been several
reports on the NMR measurements of milk (7—12), almost all
of the NMR experiments that have been conducted to date have
been made by 1’C and 3'P NMR and required pretreatment of
the milk, which consisted of the extraction of triacylglycerols,
temoval of fat and metal ions, or adjustment of the pH (7—9,
11, 12). The "H NMR spectrum of milk has been obtained with
the spin—echo pulse sequence, where 0.2 mM MnCl, was added
to milk and the signals were not assigned (/0). Recently, with
the development of NMR machines and the improvement in
measurement techniques, it has become possible to apply 'H
and ’C one- (ID) and two-dimensional (2D) NMR spectra
directly to milk without any additive or pretreatment.

In this study we tested the potential of NMR spectroscopy
as a tool for the analysis of milk and investigated the number
of constituents that could be obscrved in the NMR spectra of
milk. Milk was analyzed through 1D and 2D NMR experiments.
This is the first report on the observation of the NMR spectra
of milk without any pretreatment.

MATERIALS AND METHODS

Materials and Sample Preparation. D:O (99.7%) was purchased
from Shoko Co. Ltd. {Tokyo, Japan) and CDCl, (99%) from Isotec
Inc. (Tokyo, Japan). Ultrahigh-temperature pasteurized. homogenized
whole milk was purchased at a local supermarket. For most of the
measurements, 0.1 mL of DO was added to 0.9 mL of milk, to make
it casier to adjust the lock and shims system so that better spectra could
be easily oblained. The sample was then placed in a 5 mm NMR wbe.
The volume of the sample was ~0.65 mL. Whole milk without any

10.1021/jf0496160 CCC: $27.50 © 2004 American Chemical Society
Published on Web 07/08/2004
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additive was also examined by NMR to confirm that D;0 has no effect
on the 'H and *C NMR spectra of milk.

Two-dimensional HMBC NMR spectra of extracted milk were
measured to assign minor signals of whole milk. Skim milk was
obtained by removing the fatty acid layer after centrifugation three times
at 6000 rpm for 30 min (73). Then 2-fold volumes of etfianol (99.5%})
purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan),
were added to skim milk to denature proteins, and after the mixture
was shaken by vortex for 5 min, it was centrifuged for 30 min at 15000
rpm. Then the supernatant was vacuum-dried and dissolved in D:O
(99.7%). With these treatments, most of the fats and proteins were
removed from milk. The extracted milk prepared in this way was used
for the 2D HMBC NMR experiments.

NMR Spectroscopy. All of the NMR experiments were made at
room temperature on a JEOL JNM-a 500 NMR spectrometer. The 'H
NMR spectra of whole milk were measured at 500 MHz. The signal
of H.O was suppressed by the presaturation method. The H.O was
used as an external reference, and its chemical shift was 4.65 ppm.
The number of data points was 16K; the acquisition time was 3.28 s,
the delay time, 2.0 s, and the number of scans, 16. The *C NMR spectra
of whole milk were recorded at 125.65 MHz, Dioxane was used as an
external reference, and its chemical shift was 67.4 ppm. The number
of data points was 16K; an acquisition time of 0.54 s and a delay time
of 2.0 s gave a total repetition time of 2.54 s, and 1000 scans were
accumulated with proton decoupling.

The '"H-"C PFG-HSQC spectra of whole milk were performed with
the phase sensitive mode. The acquisition parameters were as follows:
number of data points, 1024 for 'H and 256 for "C; spectral width,
8000 Hz (*H) and 20169 Hz (*C); digital resotution, 7.81 Hz in F2
('H) and 78.79 Hz in F1 (**C); acquisition time, 0.128 s; delay time,
1.5 5; number of scans, 64; number of dummy scans, 16. For the 2D
HMBC NMR experiments, the total measurement time required for
the 'H—"3C operation was 7.5 h.

The 'H=13C FG-HMBC spectra of extracted milk were acquired
with the absolute mode. The acquisition parameters were as follows:
number of scans, 64; dummy scans, 16; number of data points, 512 in
F2 ('H) and 512 in F1 ("*C); spectral width, 3016.59 Hz in F2 (‘H)
and 25113.01 Hz in F1 (®C); digital resolution, 5.89 Hz in F2 and
49.05 Hz in F1; acquisition time, 0.1697 s; delay time, 1.8 s; HMBC
delay time, 60 ms.

The 'H~*P FG-HMBC spectra of extracted milk were performed
with the absolute mode. Potassium phosphate was used as an external
reference, and its chemical shift of 3P was 0 ppm. The acquisition
parameters were as follows: number of scans, 16; number of dummy
scans, 2; number of data points, 512 in F2 ("H) and 512 in F1 {*'P);
spectral width, 2514.46 Hz in F2 (‘H) and 10000 Hz in F1 (*'P); digital
resolution, 4.91 Hz in F2 and 19.53 Hz in F1; acquisition time, 0.2036
s; delay time, 1.4 s; HMBC delay time, 60 ms.

The 'H—1*N FG-HMBC spectra of extracted milk were acquired
with the absolute mode. Ammonia was used as an external reference,
and its chemical shift of N was 0 ppm. The acquisition parameters
were as follows: number of scans, 256; number of dummy scans, 16.
number of data points, 512 in F2 (*H) and 256 in F1 ("*N); spectral
width, 3077.87 Hz in F2 ("H) and 20408.16 Hz in F1 ("*N); digital
resolution, 6.01 Hz in F2 and 79.72 Hz in F1; acquisition time, 0.1663
s; delay time, 1.8 s; HMBC delay time, 60 ms.

Assignment of NMR Signals. At first, the NMR spectra of milk
were analyzed by referring to the published data of chemical shifts for
most compounds of milk {6, /4, 15). The 'H and 'C signals of lactose
and fats were assigned in such a way. Although the chemical shifts of
'H and 1C signals of whole milk are a little different from published
data, due to the different solvent conditions, the correlations in 2D NMR
spectra would not change. We, therefore, assigned signals in 1D 'H
and “C NMR spectra tentatively and then demonstrated the accuracy
of assignments in various kinds of 2D spectra. The signals due to trace
compounds could be also detected in the 2D NMR spectra. To assign
the signals of trace compounds in whole milk, we used the correlations
of signals in 2D HMBC spectra. Finally, the assignments were
confirmed by adding authentic compounds to whole milk,

Hu et al,
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Figure 1. H NMR spectrum of milk.

RESULTS AND DISCUSSION

The 'H and 3C NMR spectra of milk were obtained both in
the absence and in the presence of 10% D;0, which indicated
no effect on the NMR spectra from the addition of D,0O (data
not shown). However, the addition of 10% DO to the milk
made it easier to adjust the lock and shims system during the
NMR experiments. As a result, 2 small amount (10%) of DO
was added to the milk for the NMR measurements. The 'H and
13C NMR spectra are shown in Figures 1 and 2, respectively.

IH NMR Spectrum of Whole Milk. The 'H NMR spectrum
of milk is shown in Figure 1. Note that the signal caused by
HyO at 4.65 ppm was successfully suppressed. Three main
regions of the '"H NMR spectrum were characterized. A high-
field (low-frequency) region between 0.6 and 2.2 ppm was
assigned to the signals due to acyl chains of milk fats, and a
mid-low-field region between 3.1 and 5.1 ppm was assigned to
the signals due to lactose, on the basis of the contents and their
chemical shifts. Attention should also be paid to the region of
weak signals between 2.2 and 3.1 ppm, because the signals at
this region are due to trace compounds of milk. This region
was enlarged as the subspectrum in Figure 1. The 'H signals
of glycerol were observed at 3.98 and 4.18 ppm, and those of
the double bond due to unsaturated milk fats were at 5.20 ppm,
as assigned by comparing the chemical shifts of the observed
signals with those available in the references. The assignment
of the 'H NMR spectrum is summarized in Table 1.

Very small signals were observed in the region from 5.5 to
9.0 ppm, which may be due to the amide protons of proteins.
These signals were very weak and heavily overlapped, which
could be considered to be due to the following reasons: (1}
The molecular weights of proteins are so large that their molar
concentrations are rather low. (2) Caseins are the main milk
proteins, and their signals would be very broad and extremely
low in peak height because they may exist as large complexes
in milk. (3) In the '"H NMR spectrum of whole milk, the signal
of Hz0 is suppressed with the presaturation pulse, which would
decrease the resonance intensity of the broad signals dramatically
by spin diffusion while leaving unaffected the sharp signals (16).

In the 'H NMR spectrum, the signals due to lactose were
observed to be narrow and sensitive, whereas the signals due
to milk fats were broad, because lactose is readily soluble in
milk, but milk fats consist of various acyl chains and are
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Table 1. Assignment of 'H and '3C NMR Signals of Compounds in
Milk

chemical shift {6)
compound H 1e assignment?
D-lactose 3569-3.82 60.83 CH:OH-06
369-3.83 60.94 CH.OH-86
3564 61.92 CH,CH-6"
380 69.44 CH4’
381 70.90 CH-2
343 71.84 -2
352 72.06 CH-3
an 7228 CH-5
353 73.43 CH-3
315 7474 CH-2
351 75.22 CH-3
3.49 75.58 CHS5
360 76.15 CH-5"
353 79.06 CH-p4
353 79.20 CH-a4
503 92.68 CH-aP
448 96.61 CH-3P
427 103,67 CH1"
acyt chains of 0.78 14.63 CHz-ew1
fatty acids 1.19 2334 CHyay2
147 25.45 CHy-A3
1.02-1.38 29.81-3050  CHy(wd-n)
1.02-1.38 3264 CHy-03
217 3440 CHy-A2
172.15 €00~ {G1-2)
17243 C0O0- (G-1,3)
0.78 14.46 butyric CHa-co1
1.47 18.81 butyric CHz-ws2
217 36.10 butyric CHz-w3
1.89 27.78 oleate CH,-e8,11
520 130.20 oleate HC=CH-9,10
268 25.52 linoleate CH>w8
glycerol backbone  3.98, 4.18 62.52 Gl1,3
of fats 5.12 69.64 Gl-2

4 The symbol “e” indicates the position from the methyl group end; the symbol
*A” indicates the position from the ester group end.

suspended in milk as fat globules. We also analyzed the 'H
NMR spectra of both nonhomogenized and homogenized milks.
Compared with the spectrum of the homogenized milk, the
signals caused by the nonhomogenized milk were broader and
less sensitive (data not shown), because the nonhomogenized
milk contained very large fat globules. As a result, the
broadening of the signals and the sensitive level of the signals
reflected the size of the fat gfobules in the milk. However, the
IH NMR spectrum of the milk was very crowded, and many
signals overlapped (for example, in the regions containing acyl
chains and lactose). Furthermore, the signals between 2.2 and
3.1 ppm were so weak that they could not be assigned by the
TH NMR spectra alone. For further assignment of the overlapped
and weak signals, therefore, we measured the '3C and 'H-'*C
HSQC spectra.

3C NMR Spectrum of Whole Milk: Assignment of the
Signals of Lactose and Fats. The "C NMR spectrum of milk
is shown in Figure 2. The signals were narrow and did not
overlap, which allowed us to analyze the spectrum, The details
of the signal assignments are summarized in Table 1. The
signals due to proteins were not observed in the *C NMR
spectrum for the same reasons as for the 'H NMR spectrum.

Lactose was assigned after being compared with the published
data on chemical shifts (/4). The assignment was confirmed
by the '"H NMR (Figure 1) and '"H—'3C HSQC spcctra (Figure
3) of milk. Lactose was concluded to exist in the free state in
milk, because its signals in milk are not different from the
standard data of the authentic lactose solution (/4).
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Figure 3. 'H-13C HSQC NMR spectrum of milk,

There are many kinds of acyl chains in triacylglycerols. The
signals were assigned by the comparison of the '*C NMR
spectrum of milk with the published data (14, 15). The signals
of the wi, @2, and 3 carbons of fatty acid acyl chains were
observed to overlap at 14.63, 23.34, and 32.64 ppm, respectively,
whereas the w1, w2, and w3 carbons of the butyric group were
observed at 14.46, 13,81, and 36.10 ppm, respectively. Among
short-chain fatty acids, butyrdc acid is an important flavor
component of milk. The 3C signals of the other methylene
groups from w4 to wn neighboring the carbonyl end or double
bond were observed at 29.81-30.50 ppm. The 13C signals at
25.45 and 34.40 ppm were, respectively, assigned to A3 and
A2 of the fatty acid acyl chains. From these signals, it was not
possible to distinguish whether the acyl chains came from a
saturated or unsaturated fatty acid, except for the butyric group
in the triacylglycerols, and the number of carbons could also
not be identified. The C signals at 130.20 and 27.78 ppm were
assigned to the double-bond carbons and the methylene carbons
connecting the double bonds, respectively. Because the largest
quantity of unsaturated acids in milk is supplied by oleic acid
(0), it has been suggested that these two signals are mainly
contributed by oleic acid. The signal at 172.15 ppm is caused
by the carbonyl group bonding to the 2-position of glycerol,
and the signal at 172.43 ppm is caused by the carbonyl group
bonding to the 1,3-positions of glycerol (5). The signals due to
the carbonyl group were enlarged in the subspectrum of the
I3C NMR spectrum in Figure 2.

The signal at 62.52 ppm was assigned to the Cy and C;
carbons of the glycerol moiety of fats. The signal at 69.64 ppm

— 542 —



4972 J. Agric. Food Chem., Vol. 52, No. 16, 2004

was assigned to the C; carbon of the glycerol moiety, although
it overlapped with the lactose signals.

Compared with the '*C NMR spectrum of triacylglycerols
extracted from milk (11, 12), our *C NMR spectrum of whole
milk appeared to be somewhat different because fats exist in
milk as the fat globules, whereas extracted fats exist in the free
state in organic solvent.

TH-13C HSQC Spectrum of Whole Milk. Figure 3 shows
the 'H—13C HSQC spectrum of whole milk without extraction.
The noise from H,O was not completely suppressed, despite
presaturation. The H—"C HSQC spectrum supplied useful
information on the signals, due to minor constituents that
overlapped in the 1D 'H NMR spectra.

The 'H signals at 2.2-3.1 ppm showed correlations to the
BC signals at 25.0-55.0 ppm. Through consultation of the
databases (14, 15), the 'H resonance at 2.68 ppm, which showed
a cross-peak with the C resonance at 25.52 ppm, was assigned
to be the methylene group next to the double bond of
polyunsaturated acyl chains. This signal was concluded to be
caused by the linoleate and linolenate chains, because they are
the main polyunsaturated fatty acids in milk. The 'H resonances
at 2.40 and 2.54 ppm are suggested to be due to 2,4-CH; of
citric acid, because they were correlated to the 3C signal at
45.15 ppm in the HSQC spectrum. The 'H signals at 1.95 and
3.10 ppm showed correlations to the 13C signals at 23.1 and
54.90 ppm, respectively. The signals supplied too little informa-
tion to be assigned, so we measured the HMBC spectra of
extracted milk.

IH—-13C HMBC Spectrum of Extracted Milk. HMBC
spectroscopy is particularly useful because it connects protons
with carbons via two or three bond couplings that can supply
more information about connectivities. We attempted to employ
HMBC experiments of market milk without any pretreatment
at first, but the HMBC spectrum could not be obtained.
Extracted milk was, therefore, prepared by removing water and
fat,

Detection of Citrate. The 'H-13C HMBC spectrum of
extracted milk is shown in Figure 4A. In the spectrum, the 'H
signals at 2.40 and 2.54 ppm showed a correlation with the 1’C
signal at 45.15 ppm, which was also the case in the '"H-13C
HSQC spectrum (Figure 3). Both of these protons also
connected to the 13C signals at 77.35, 179.97, and 182.50 ppm
in the "H--¥C HMBC spectrum (Figure 4A). These data suggest
that they are from ionized citric acid, as judged by the chemical
structure of citric acid (Figure 4B) (/5). Because the pH of
milk was ~6.8, the icnic state of citrate could be predicted from
its pK,, and the chemical shifts of signals coincide with those
reported for citrate ion. Citrate is the main organic acid in milk
and provides the weak acidic flavor, as well as its heat stability
in milk (6). It has been reported that citrate binds to calcium
ion and acts as a component of casein micelles (6). However,
from the NMR spectra, the line widths of the signals due to the
citrate ion in the milk were narrow and showed little difference
from those of citrate dissolved in water. Thus, we think that in
milk, citrate is mobile to a considerable degree. The results of
the assignment of the signals from citrate ion are summarized
in Table 2.

Detection of Creatine, In the 'H-13C HMBC spectrum of
extracted milk, a new 'H signal at 2.88 ppm was observed
(Figure 4A). This 'H resonance was correlated to the *C signal
at 55 and 158 ppm in the 'H—!3C HMBC spectrum and to the
3N signal at 78 ppm in the 'H—15N HMBC spectrum (Figure
5A). The other 'H signal at 3.79 ppm was correlated to the 13C
signals at 38, 158, and 176 ppm in the 'H—"*C HMBC spectrum.
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Table 2. Assignment of NMR Signals of Citrate, Creatine,
N-Acetylcarbohydrates, and Lecithin in Milk

chemical shift {3}

compound H 13G 15N P assignment

citrate 2.40,2.54 45.15 CHa

240,254 7135 c

240,254 17997 CH-CO0~

240,254 18250 C-Co0-
creatine 2.88 55.00 CH:

288 158.00 c

288 78.00 N*

379 3800 CHs

373 158.00 c

3.79 176.00 COOH
N-acetylcarbohydrates  1.95 231 CHa

1.95 17600 120 NHCOCH,
lecithin 3.12 54.90 Me

312 67.50 CHx-5

422 46.51 CHx4

312 46.51 Me

422 06 CHx4

418 06 CHp3

375,383 06 CHx5

The cross-peaks in the 2D NMR spectra and the chemical shift
values of the signals indicated that these signals were caused
by creatine from consideration of its chemical structure (Figure
5B). The chemical shift values and the narrow line widths of
the observed signals compared with the standard data (I5) led
us to the conclusion that creatine exists in a free state, without
any interaction with other compounds in milk. The assignments
that were obtained are listed in Table 2.
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Detection of N-Acetylcarbohydrates. In the 'H—13C HSQC
spectrum of milk (Figure 3), the 'H signal at 1.95 ppm, which
was overlapped with the signals from fatty acid acyl chains in
the 1D 'H NMR spectrum, showed a comrelation to the '*C signal
at 23.1 ppm. This 'H signal was also comrelated to the 1*C signal
at 176 ppm in the 'H—'3C HMBC spectrum (Figure 4A) and
correlated to the '*N signal at 120 ppm in the 'H—'N HMBC
spectrum of the extracted milk (Figure SA). After consultation
of some databases (135, 17), it was concluded that these signals
were due to the acetamido group of N-acetylcarbohydrates
{Figure 5C). To confirm this, a small amount of N-acetylcar-
bohydrate (N-acetyllaclosamine or N-acetylglucosamine) was
added to the sample of extracted milk, and then its 'H-13C
HMBC spectrum was observed. In the spectrum, the cross-peak
between 1,95 ppm in '"H and 176 ppm in 1*C became larger,
but no new signal appeared. Thus, it was confirmed that
N-acetylcarbohydrates are contained in milk. N-Acetylcarbo-
hydrates are very important because they stimulate the produc-
tion of bifidus bacteria, which enhances intestinal function (/8).
To our knowledge, this is the first time N-acetylcarbohydrates
have been detected in commercial milk. The assignment is
summarized in Table 2.

Detection of Lecithin. The 'H signal at 3.10 ppm showed a
correlation to the 13C signal at 54.90 ppm in the HSQC spectrum
of milk and also showed a correlation to the same '*C signal in
the HMBC spectrum of the extracted milk. This proton was
also correlated to the 13C signal at 67.50 ppm in the 'H-1C
HMBC spectrum. These observations supposed that the signals
were due to the trimethylamine group (/5). This hypothesis was
confirmed by the 'H-15N HMBC spectrum (Figure 5A), which
showed that the 'H signal at 3.12 ppm due to the methyl group
and that at 4.22 ppm due to the methylene group werc coupled
10 the BN signal at 46.51 ppm. A previous paper stated that
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trimethylamine was detectable in milk but that the quantity of
trimethylamine was very small and even showed undetectable
levels in half-numbers of milk (/9). The signals from trimeth-
ylamine could not be observed in the milk we analyzed. In milk,
the trimethylamine group mainly exists in lecithin (6). The
TH—3P HMBC spectrum (Figure 6A) supported the hypothesis
that we observed the trimethylamine group of lecithin, because
the proton resonance at 4.22 ppm showed a cross-peak with
the 3!P resonance at 0.60 ppm (Table 2). The assignment of
lecithin was done by detecting the cross-peaks in the IH-13C
HSQC, 'H~BC HMBC, 'H-5N HMBC, and 'H-3'P HMBC
spectra, as shown in Figure 6B. The signals may be due to
glycerophosphocholine and some other similar compounds.

In conclusion, 'H, 3C, and "H—13C HSQC NMR spectra of
whole milk could be observed successfully without any additive
or pretreatment. We confirmed that 10% D,0O added to milk
increases the resolution and S/N ratio of NMR signals more
easily. The 2D HMBC spectra of extracted milk have been
performed to assign signals. During the analysis of milk, we
have found the convenience, sensitivity, and efficiency of NMR
spectroscopy. Using NMR, we may distinguish the milk of
different kinds of cows and other animals. The quantitative
analysis of various compounds of milk would also be feasible.
This technology is considered to be applicable to quality control
or specification of other types of mixtures such as juice, serum,
and urine.

ABBREVIATIONS USED

FG-HMBC, hcteronuclear multiple-bond correlation with field
gradient; FID, free induction decay; NMR, nuclear magnetic
resonance; PFG-HSQC, heteronuclear single-quantum coherence
with pulse ficld gradient; D, one-dimensional; 2D, two-
dimensional.
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Biological context

WW domains are small modules composed of approx-
imately 30 amino acid residues (Sudol and Hunter,
2000). WW domains contain two highly conserved
tryptophan residues and mediate protein-protein inter-
actions by recognizing proline-containing sequences.
They are found in cytoskeletal and intracellular sig-
naling proteins such as YAP65, Pinl, dystrophin and
Nedd4. WW domains are classified at least into four
major groups with regard to their binding specificity.
Group I WW domains bind to the PY motif, which
contains Pro-Pro-Xaa-Tyr sequence.

MAGI-1 is found in various tissues and is loc-
alized in the tight junction of epithelial cells (Ide
et al,, 1999). MAGI-1, -2, and -3 belong to MAGUK
family, which are cytoplasmic scaffold proteins that
support the plasma membrane of cells. MAGUKSs gen-
erally have a few PDZ domains and one SH3 domain
whereas MAGIs have five PDZ domains and one or
two WW domains. MAGI-1 binds to B-catenin or a-
actining through a PDZ domain and to B-dystroglycan
through the first WW domain (Patrie et al., 2002;
Pirozzi et al., 1997). MAGI-1 binds synaptopodin in
glomerular podocytes, which suggests that MAGI-1
may play a role in actin cytoskeleton dynamics within
polarized epithelial cells (Patrie et al., 2002).

In the second WW domain of MAGI-1, the second
Trp is replaced by Tyr. This Trp is important for the

*To whom correspondence should be addressed, E-mail:
amtanok@mail.ecc.u-tokyo.ac.jp

specific recognition of PY motif by Group I WW do-
mains (Kato et al., 2002). However, the second WW
domain of MAGI-1 is capable of binding to the PY
motif in synaptopodin without the second Trp (Patrie
et al,, 2002). Conformational analysis would elucidate
the underlying mechanism that exploits Tyr residue
instead of Trp for the specific recognition of the PY
motif in synaptopodin.

Methods and results

The cDNA encoding the tandem WW domains of hu-
man MAGI-1 (Ala295 through Ala394) was amplified
with PCR and inserted into pET-21b (Novagen). Nat-
urally occurring cysteine residues at 333 and 344 were
replaced by serine. E. coli BL21(DE3) (Novagen) har-
boring the above-mentioned plasmid was cultivated at
37°C in the M9 medium supplemented with 1x basal
medium eagle vitamin (Gibco), thiamine and trace
elements (Cai et al., 1998). The protein was purified
from the soluble fraction of E. coli cell lysate us-
ing Phenyl Sepharose and Superdex 75 (Amersham).
I5N-labeled and "*N/13C-labeled proteins were pre-
pared using the modified M9 medium containing 1 g/l
SN NH4Cl and/or 2 g/1 3C glucose. The samples
for NMR experiments contained 2.5 mM protein in
90% 'H20/10% 2H,0 or 100% 2H,0 with 10 mM
Na-Pi buffer (pH 6.8, not corrected for isotope ef-
fects), 100 mM NaCl, 0.05 mM DSS, 0.05% NaN3
and 0.1 mM p-ABSE Microtubes (5-mm outer dia-
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Figure 1. {A) Representative strips from the CBCA(CO)NH and
HNCACB spectra showing connectivities for residues F318 to
W328. (B) Plot of the consensus Chemical Shift Index (CSD (' H®,
Bge B¢k and 13¢') of MAGI-! WW domains, calculated us-
ing the program CSL Indices of —1 and 1 indicate helical structure
and B-strand structure, respectively. Expected secondary structural
elements are shown as arrows for B-strands.

meter, Shigemi, Tokyo) were used for recording NMR
spectra.

All NMR spectra were acquired at 37°C on a
Varian Unity INOVA 500 spectrometer equipped with
a Narolac z-axis gradient probe. NMR data were
processed and analyzed using NMRPipe (Delaglio
et al, 1995) and SPARKY3 (Goddard, T.D. and
Kneller, D.G., University of California, San Fran-
cisco). 'H chemical shifts were referenced to in-
ternal DSS. '3C and '*N chemical shifts were refer-
enced indirectly. The backbone resonance assignments
were obtained using 'H-PN HSQC, HN(CO)CA,
HNCA, CBCA(CO)NH, HNCACB, HNCO and
(HCA)YCO(CA)NH experiments. The aliphatic side-
chain assignments were obtained using C{CO)NH,
H(CCO)NH, HCCH-TOCSY and HCCH-COSY ex-
periments. Secondary structure was predicted using
the program CSI (Wishart and Sykes, 1994).

Extent of assignments and data deposition

Backbone assignment was carried out with the se-
quential assignment procedure. Signals of backbone

amides (1°N and '"H") were unambiguously assigned
for 92 residues out of 93 (99%) except for Lys339 in
the loop region, which is due to severe overlap (Fig-
ure 1A). The tandem WW domain region of MAGI-1
has seven proline residues so that the full-length of
our product protein ts 101 residue-long including the
artificially added N-terminal methionine residue. In
addition, resonances of other backbone atoms (98%
of 13C®, 98% of 13CP, 95% of 13C’ and 90% of 'H%)
as well as those of aliphatic (97% of 1*C, 40% of N
and 85% of 'H) and aromatic (78% of 'H) side-chain
atoms were assigned. We predicted the secondary
structure of the tandem WW domains using CSI (Fig-
ure 1B). The result indicates that each WW domain
contains three B-strands like other WW domains (Kato
et al., 2002), while the linker between the WW do-
mains contains no secondary structure. In contrast,
tandem WW domains of Prp40 are connected by an
a-helical linker, which defines the relative orientation
of these domains (Wiesner et al., 2002). Conforma-
tional analysis and dynamics study of the tandem WW
domains of MAGI-I in the presence and absence of
its ligand would show how each WW domain and the
linker act in ligand recognition.

The 'H, 1>C and N chemical shifts have been de-
posited in the BioMagResBank (http://www.bmrb.wisc.
edu) under accession number 6086,
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