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Abstract: Using heteronuclear NMR spectroscopy, we studied thesistency of local and nonlocal interactioftdamada et al., 1995,
solution structure and dynamics of bovigelactoglobulin A at  1996; Shiraki et al., 1995; Hamada & Goto, 1997
pH 2.0 and 45C, where the protein exists as a monomeric native To understand the-g transition ofB-lactoglobulin, it is essen-
state. The monomeric NMR structure, comprising an eight-strandetlal to characterize its solution structure in detgiLactoglobulin
continuous antiparallegs-barrel and one majag-helix, is similar ~ exists as a dimer at neutral pH, but dissociates into a monomer
to the X-ray dimeric structure obtained at pH 6.2, includffg below pH 3, while it retains a native conformation even at a pH as
strand that forms the dimer interface and loop EF that serves aslaw as 2(Futage & Song, 1980We have prepared recombinant
lid of the interior hydrophobic holg/*H}-**N NOE revealed that g-lactoglobulin uniformly labeled witH5N and *3C (Kim et al.,
Br, Bs, andBy strands buried under the majethelix are rigid on  1997; Kuwata et al., 1998Using*H, *N, and*3C heteronuclear
a pico- to nanosecond time scale and also emphasized rapid flutdMR spectroscopy, we have assigned the resonance frequencies of
tuations of loops and the N- and C-terminal regions. the backbone nuclei in the native state and in the highly helical
state induced by 2,2,2-trifluoroethandFE) at pH 2.0 and 48C
(Kuwata et al., 1998; Uhrinova et al., 1998econdary chemical
shifts of backbone resonances and nuclear Overhauser effects
(NOEs indicated that secondary structures in the native state are
similar to those of the crystal structure and that those in TFE
Bovine B-lactoglobulin, a major component of cow’s milk, has contains manyr-helical segments. The presence of the persistent
been the target of numerous structural and theoretical stlides- a-helices in the helical state and the c@rsheet in the native state
bling et al., 1992; Cho et al., 1984Recently, it has been shown suggested that during folding native-like cg@esheet and several
thatg-lactoglobulin is an intriguing model for clarifying the mech- nonnative helices are formed first and the remainthgheet is
anism of thea-helix to B-sheet(a-B) transition of proteingHa- subsequently induced through interaction with the pre-existing
mada et al., 1995, 1996; Shiraki et al., 1995; Hamada & GotoB-sheet. Thus, NMR is beginning to clarify the mechanism of the
1997), a key issue for understanding the folding and biological @-B transition ofg-lactoglobulin.
function of a number of protein molecules such as prion protein In this paper, we report the solution structure and dynamics of
or Alzheimer’'s A3 peptide(Mottonen et al., 1992; Booth et al., B-lactoglobulin A at pH 2.0 and 4% based on heteronuclear
1997; Dalal et al., 1997; Prusiner, 1997; Jackson et al., 1999 NMR techniques. One of the most interesting topics3dacto-
B-Lactoglobulin is a predominant|§-sheet protein consisting of a globulin is the Tanford transition, the pH-dependent conforma-
B-barrel of eight continuous antiparalf@istrands 8 — B) shaped  tional transition occurring near to pH {(Tanford et al., 1959;
into a flattened cone or calyx, an additioggbstrand,3;, and one  Hambling et al., 1992; Qin et al., 19988 he present NMR struc-
major and four short heliceBrownlow et al., 1997; Qin et al., ture indicates that the monomeric structure at pH 2.0 is similar to
1998a, 1998pb However, the folding of boving-lactoglobulin is  the closed conformation before the Tanford transition. Analysis of
accompanied by an intramoleculas3 transition due to the incon-  protein dynamics with th€'H}-15N NOE adds thaB-strandgi.e.,

Br, Be, and By strands forming the hydrophobic core are more
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solutions of bovineB-lactoglobulin A at pH 2.0, without added et al., 1998a Independent of the crystals, the global foldings are
salt, at a temperature of 46, where the protein assumes the very similar, consisting of @-barrel of eight continuous antipar-
monomeric native statéFutage & Song, 1980; Kuwata et al., allel 8-sheets. However, there is a significant difference between
1998. Of the 200 NMR structures calculated, a subset of 17 lowesthe structures before and after the Tanford transition, which is
energy structures was selected for analy$able 1; Fig. 1A; see centered at pH 7.5. The Tanford transition is primarily associated
also Materials and methods with a major conformational change in loop Efesidues 85-90

Comparison of the 17 structures showed that, wistrands  which serves as a lid to the interior of the protein. The lid is closed
were defined well, the N- and C-terminals and some of loop re-at low pH but which opens at high ptQin et al., 1998a, 1998b
gions were less defined. This is due to both the scarcity of NOEObtained NMR structure at pH 2.0 clearly showed the closure of
constraints in these regions and the conformational flexibility ofloop EF. The global root-mean-square deviati®MVSD) values
the regions, consistent with results for other globular protéhsv- calculated for the backbone atoms between the NMR structure of
ers et al., 1998 The overall NMR structure consists ofdabarrel  the lowest energy and the X-ray crystal structresidues 5-160
of eight continuous antiparall@-strands 84 —By), an additional ~ at pH 6.2, 7.2, and 8.2 are 2.70, 2.85, and 2.84 A, respectively. If
B-strand,3;, and one major helix. Four shoathelix-like struc-  we carried out the same calculation with ogly, loop EF, ang3g
tures are seen at the N-terminal side3af loop AB, loop GH, and  (residues 81-97 the RMSD values for the X-ray structures at
in the C-terminal side oB,. The B, sheet, which forms the dimer pH 6.2, 7.2, and 8.2 are 1.38, 2.38, and 2.41 A, respectively. This
interface, is also conserved even in the monomeric state. We cdurther confirms that the obtained NMR structure at pH 2.0 is close
also detect the8, sheet, which is proposed in the recent X-ray to the X-ray structure at pH 6.2.
structure(Qin et al., 1998a The secondary structures includi@g However, some evident differences were also observed between
are consistent with those estimated from the secondary chemicéthe NMR and X-ray structures in the N-terminal residues, loop FG,
shifts of backbone resonanc@&suwata et al., 1998 except the  and notably the major helix. The differences in the loop regions
short helix-like structures that were not clear from the secondarynay arise from the low resolution of the NMR structure due to the
chemical shifts. scarcity of NOE constraint and further refinement will be required.

The NMR structures were compared with the X-ray structures.On the other hand, orientation of the major helix and conformation
The X-ray structures of variant Aat pH 6.2, 7.1, and @&olution  of the loop residues before and after the major helix are evidently
of 2.56, 2.28, and 2.49 A, respectivelyave been reporte@in different from those of the X-ray structures, suggesting these dif-

ferences represent the conformational change accompanied by the
dimer—-monomer transition.
Thus, we may conclude that the overall structure, except the

Table 1. NMR structure determination statistics major helix, of monomerig-lactoglobulin at pH 2.0 and 4% in
agueous solution is similar to the X-ray closed conformation ob-
A. NMR constraints tained at pH 6.2. These results are in general consistent with those
Distance constraints deduced from the roughly determined structure by tHENMR
Intraresidue 2,243 spectra(Ragona et al., 1997; Fogolari et al., 1998; Uhrinova et al.,
Sequential|i — j| = 1) 1,184 1998.
Medium range(fi — j| <= 4) 238
Long-range(fi — j| > 4) 434
TO;SiO” angle constraints s Pico- to nanosecond dynamic3o estimate pico- to nanosecond-

order fluctuations of thg-lactoglobulin structure, we carried out
15N relaxation measurement, one of the most widely used NMR
methods for dynamic analysis of proteffrarrow et al., 1994

o o {*H}-5N NOE values decreased in many loops, and the ends of
Violation statistics a-helices, and N- and C-terminal regiofiBig. 2A), indicating

X1 69

B. Structure statistics (17 structures)

slum_ber of NOE ‘."OIG’.“O”?O‘lA 6 considerable flexibility on a pico- to nanosecond time scale. On the
aximum NOE violation(A) L 041 other hand, in the same plot on an expanded stgig. 2B),
Number of torsion angle constraint violations 1L 15 - . . ;
greater than P {tH}- _N NOE values were distinctly higher in the regions corre-
Energies sponding toBg, Bs, and By strands, and probablg, and Be
Mean constraint violation energikcal mol™?) 9.07 Strands. The high NOE values of loop FG were also evident. The
Mean AMBER energy(kcal mol?) —2,799 high NOE values indicate the rigidity of the corresponding regions
PROCHECK statistics on a pico- to nanosecond time scale. These results suggest that one
Residues in most favored regio(#) 78 side of thep-barrel, including theB, and C-terminal half of the
Residues in allowed regiori8o) 18 molecule, is more rigid within this time scale as compared to the

other side. The regions includifgy, B, andBy can be considered

C. RMSDs from the average structure to form a rigid core. The rigidity of the major C-terminal helix

Backbone atom¢N, C?, C, O) estimated by{*H}->N NOE is close to those of the fluctuating
Total (A) 0.89  B-strands.
SheetsA) 0.29 The dynamic properties measured{Bii}-*>N NOE were com-

All heavy atoms pared with the RMSD of backbone atoms of the 17 native struc-
Total (A) 153 tures determined by NMRFig. 2D). The backbone RMSD may
SheetgA) 0.93

represent the heterogeneity of the static structure. Significant back-
bone differences are evident at the N- and C-termini. However, the




Structure and dynamics ¢f-lactoglobulin 2543

Fig. 1. (A) NMR and(B) X-ray structures of boving-lactoglobulin. Diagram indicating the superimposition of the 17 NMR structures
was produced using MOLMOIKoradi et al., 1998 X-ray coordinate$3blg) and the locations of secondary structures are available
from the Brookhaven PDB. IB, the positions of disulfide bond€ys66—Cys160 and Cys106—Cys1aad free thiol grougCys121

are indicated, helical regions are colored red, and loop EF is colored green.

C-terminus is less disordered than the N-terminus probably beexposed to solvent tend to form flexible structures with increased

cause of the presence of the disulfide linkd@ys66—Cys160D X-ray B-factors. Now, we can see that the profiles of the ASAs,

The backbone RMSD values of all tjestrands excep8, andg, B-factors, or hydrophobicities are similar to the fluctuation profiles

are similar, suggesting that tjfestrands forming thg-barrel have  measured by{*H}-'>N NOE. The buried and rigid regions, as

similar stability, slightly different from the conclusion ¢fH}-°N measured by the ASA anB-factor, are also rigid inf{*H}-*°N

NOE. High flexibility of the loops except loop FG is also evident NOE. Such buried hydrophobic residues often form tightly packed

from the backbone RMSD profile, consistent with tfé1}-15N hydrophobic cores with increased van der Waals contacts.

NOE profile. 1H-2H exchange experiments conducted in the native state at
pH 2 indicate the presence of core regions highly protected from
the exchange, consisting 8, Bk, Bs, and By strands(Ragona

Determinants of folding and dynamic3p address the factors re- et al., 1997; V. Forge, M. Hoshino, K. Kuwata, C.A. Batt, & V.

sponsible for the folding and dynamics @flactoglobulin, we  Goto, unpubl. resulis The rigid regions are located roughly in

plotted the hydrophobicity profile derived using the scale of Kyte the core regions described above. On the other hand, the flexible
and Doolittle (1982, the accessible surface ar6&SA) of each  regions on a nano- to picosecond time scale correspond to areas
residue and the residue-averaged main-cBafiactor values, both  that are less protected froAH—2H exchange.

calculated from the X-ray coordinates at pH §FRg. 2C). The

ASA plots indicated that thBa, Bk, Bs, andBy strands are largely

buried, and a portion of théc strand is also buried. Othgrstrands,  Conclusion: The solution structure and its dynamics @facto-

the major a-helix, and the loops are relatively exposed to the globulin A at pH 2 were studied with heteronuclear NMR tech-

solvent. The side chains are usually buried in the interior of theniques. The NMR structures indicated that the monomeric structure

protein molecule by hydrophobic interactions. Indeed, the hydro-at pH 2.0 is similar to the X-ray native structure at pH 6.2, in which
phobicity profile reveals that th8a, Be, Br, Be, andBy strands  loop EF folded over the entrance to tlelactoglobulin calyx.

are hydrophobic. Analysis of protein dynamics with thg"H}—'5N NOE indicated

We recognize that the profile obtained from ASA or hydropho- thatBg, Bs, andBy strands and loop FG are more rigid on a pico-
bicity plot is similar to that oB-factors, in which the fluctuations to nanosecond time than the rest of the molecule. Hydrophobicity
of the Bg, Bc, andBp strands in addition to the loops and the N- of the amino acid side chains is one of the important factors
and C-terminals are emphasized. This indicates that the regiorgetermining the folding and dynamics gflactoglobulin.
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Bruker DMX-750 at Kobe University. A total of 1 mg ofC,
15N-labeledg-lactoglobulin was dissolved in 200L of 20 mM

i : : HCI (95% H,0/5% D,0). The pH was 2.0, and the sample was
Bo Ba _'fi_BLc Bo BeBr B B B g kept in a 5 mmmicrocell (Shigemi, Tokyg. Complete sequence-

| H oW Hel specific NMR assignments for recombing®actoglobulin were
obtained based on scalar coupling connectivitiéawata et al.,
1998. The majority of distance restraints were obtained from
IH-15N NOESY-HSQC(Marion et al., 1989 and 13C NOESY-
HSQC (Muhandiram et al., 1993 NOESY-HSQC experiments
were performed by varying the mixing time from 90 to 120 and
200 ms. The acquisition time for each three-dimensional spectrum
was about four days with 2,048 points in direct dimension. Data
processing and peak selection were performed using the FELIX
program version 95.0Biosym Technologies, San Diego, Califor-
nia). To calculate the monomeric structure, 2,243 distance re-
straints were supplemented wifhengle restraints based on HNHA
data, y; angle restraints based on HNHB data, and hydrogen bond
restraints based on solvent exchange and NOE data. The three-
dimensional structure oB-lactoglobulin was computed using
DYANA (Guentert et al., 19970 obtain the overall structure and
X-PLOR (Nilges et al., 1988for refining the structure. The co-
ordinates are deposited at the Protein Data B&PRB) under
1.0 accession code 1cj5.

>
|
]

(H*N NOE
o
o

T
Iz

vy
*N NOE

1
{ H}

Hydropathy

°

RMSD of NMR

20 40 60 80 100 120 140 160

Residue Acknowledgments: We thank Professor T. Yamazai®saka Univer-

) ) ) ) ) ) sity) for valuable suggestions about heteronuclear NMR measurements and
Fig. 2. Comparison of dynamics of bovirglactoglobulin Aand possible  professor K. AkasakéKobe University for use of the Bruker DMX-750
determinantsA: {*H}-*°N heteronuclear NOE for the backbone amide machine. We also thank Professor G.B. Jamedgassey University for
nitrogen atoms oB-IactogI?bulllr; measured at 600 MHz on the normal yajyable comments on the X-ray coordinates. This work was supported in
scale at pH 2 and 4%. B: {*"H}-""N heteronuclear NOE for the backbone part by Grants-in-Aid for Scientific Research from the Japanese Ministry
amide nitrogen atoms on the expanded sdale-lydrophobicity(®), ASA of Education, Science, Culture, and Sports.

(bars, and main-chaimB-factors(0) for the X-ray structure, 3blg. Hydro-
phobicity was calculated using the scale of Kyte and Doolitile82
averaged over a sliding window of five residues. ASA was calculated
assuming the water radius to be 1.4 A, and the main-cBéactor is the  References
average value of the main-chain ators. Main-chain RMSD in the 17
NMR structures. InA, C, andD, the locations ofs-strands(8o — 1) and Booth DR, Sunde M, Bellotti V, Robinson CV, Hutchinson WL, Fraser PE,
helices(H) based on the X-ray coordinates are indicated. Hawkins PN, Dobson CM, Radford SE, Blake CCF, et al. 1997. Instability,
unfolding and aggregation of human lysozyme variants underlying amyloid
fibrilogenesis.Nature 385787-793.
Brownlow S, Cabral JHM, Cooper R, Flower DR, Yewdall SJ, Polikarpov I,
North ACT, Sawyer L. 1997. Boving-lactoglobulin at 1.8 A resolution—
Materials and methods: Materials: Several genetic variants of __Still an enigmatic lipocalinStructure 5481495,
. . . e . Cho Y, Gu W, Watkins S, Lee SP, Kim T-R, Brady JW, Batt CA. 1994. Ther-
bovine B-lactoglobulin have been identified in the cow, the mostable variants of boving-lactoglobulin.Protein Eng 7263-270.
most common being variants A and B that differ at positions 64palal S, Balasubramanian S, Regan L. 1997. Transmutihglices angB-sheets.
(Asp/Gly) and 118(Val/Ala). B-Lactoglobulin A was expressed Folding Design 2R71-R79. )
in the methyltropic yeagichia pastorisby fusion of the cDNA to Fa”gl‘é" '\F',A' Muhandiram R, Singer AU, Pascal SM, Kay CM, Gish G, Shoelson
. o , Pawson T, Forman-Kay JD, Kay LE. 1994. Backbone dynamics of a
the a-factor prepro-leader peptide froBaccharomyces cerevisiae free and a phosphopeptide-complexed Src homology 2 domain studied by

as described previouslKim et al., 1997. Sequencing of the **N NMR relaxation.Biochemistry 3%984-6003. o
amino-terminal of the secrete@Hactoglobulin (Glu(-3)-Ala(-2)- ~ Fogolari F, Rag‘t’)“a L, Zletta '-rl RbO’lT‘aQ’:jo" S, DebK““If ;(CIEJ Molinari H. 1998.

. Monomeric bovineB-lactoglobulin adopts g-barrel fold at pH 2.FEBS
Glu(-1)-Alal-Tyr2-Val3) revealed the two residues of thefactor Lett 436149154

prepro-leadelGlu(-3)-Ala(-2)) and the spacer repeatSlu(-1)- Futage RG, Song PS. 1980. Spectroscopic characterizatifraaftoglobulin-
Alal), as compared to the amino terminus of intact bovineG re:iﬂft:llPCO'\H/?plex-%ﬁclhichis\lf'htf_Ar::tli 61295987—4% ) o o
_ ; a9 : T uentert P, Mumenthaler C, Withrich K. . Torsion angle dynamics for
B IacmglObu“n.(LeUJ' lle2-val3. .The conf_orma_tlon _and stability NMR structure calculation with the new program DYANA. Mol Biol
of the recombinanp-lactoglobulin were indistinguishable from 273:283-298.
those of the natural protein obtained from cow’s miKim et al., Hamada D, Goto Y. 1997. The equilibrium intermediatggdfctoglobulin with
1997). nonnativea-helical structureJ Mol Biol 269479—-487.
Hamada D, Kuroda Y, Tanaka T, Goto Y. 1995. High helical propensity of the
peptide fragments derived frog-lactoglobulin, a predominantlB-sheet
protein.J Mol Biol 254737-740.
NMR measurementst®N relaxation measurements were con- Hamada D, Segawa S, Goto Y. 1996. Nonnativhelical intermediate in the

ducted using a Bruker DRX-600 at the Protein Research Institute rBe.fOI'gig%SOfgLacmg'Ob”"”' a predominantg-sheet proteinNat Struct
10l 3: — .

of Osaka University, Osaka, Japan. NOE spectroscopy—heteronuclegimbiing SG, MacAlpine AS, Sawyer L. 1092-Lactoglobulin. In: Fox PF, ed.
single quantum coheren¢BIOESY-HSQQ was measured using a Advanced dairy chemistnAmsterdam: Elsevier. pp 141-190.



Structure and dynamics @-lactoglobulin 2545

Jackson GS, Hosszu LLP, Power A, Hill AF, Kenney J, Sibil H, Craven CJ, Nilges M, Clore GM, Gronenborn AM. 1988. Determinations of three-dimensional
Waltho JP, Clarke AR, Collinge J. 1999. Reversible conversion of mono-  structures of proteins from interproton distance data by dynamical simulated
meric human prion protein between native and fibrilogenic conformations.  annealing from a random array of atonFEBS Lett 22817-324.

Science 283935-1937. Powers R, Clore GM, Garrett DS, Gronenborn AM. 1993. Relationships be-
Kim TR, Goto Y, Hirota N, Kuwata K, Denton H, Wu S-Y, Sawyer L, Batt CA. tween the precision of high-resolution protein NMR structures, solution-
1997. High-level expression of bovinglactoglobulin inPichia pastoris order parameters, and crystallographic B-factdrdlagn Reson B 1001

and characterization of its physical propertiBsotein Eng 101339-1345. 325-327.

Koradi R, Billeter M, Withrich K. 1996. MOLMOL—A program for display  Prusiner SB. 1997. Prion diseases and the BSE cfsignce 27245-251.
and analysis of macromolecular structurédviol Graph 1451-55. Qin BY, Bewley MC, Creamer LK, Baker HM, Baker EN, Jameson GB. 1998a.

Kuwata K, Hoshino M, Era S, Batt CA, Goto Y. 1998-8 Transition of Structural basis of the Tanford transition of bovi@dactoglobulin. Bio-
B-lactoglobulin as evidenced by heteronuclear NNIRlol Biol 283731-739. chemistry 3714014-14023.

Kyte J, Doolittle RF. 1982. A simple method for displaying the hydrophobic Qin BY, Qreamer LK, Baker EN, Jameson GB. 1998b. 12-Bromododecanoic
character of a proteinl Mol Biol 157:105-132. acid bind inside the calyx of bovinglactoglobulin FEBS Lett 43872-278.

Marion D, Driscoll PC, Kay LE, Wingfield PT, Bax A, Gronenborn AM, Clore Ragona L, Pusterla F, Zetta L, Monaco HL, Molinari H. 1997. Identification of
GM. 1989. Overcoming the overlap problem in the assignmehHIIMR a conserved hydrophobic cluster in partially folded boviakactoglobulin
spectra of larger proteins by use of 3-dimensional heteronuélda®N at pH 2.Folding Design 2281-290.
Hartmann-Hahnn multiple quantum coherence and nuclear OverhauseShiraki K, Nishikawa K, Goto Y. 1995. Trifluoroethanol-induced stabilization of
multiple quantum coherence spectroscopy: Application to interleugin 1 the a-helical structure of3-lactoglobulin: Implication for non-hierarchical
Biochemistry 28150—6156. protein folding.J Mol Biol 245180-194.

Mottonen J, Strand A, Symersky J, Sweet RM, Danley D, Geoghegan KFTanford C, Bunville LG, Nozaki Y. 1959. The reversible transformation of
Gerard RD, Goldsmith EJ. 1992. Structural basis of latency in plasminogen  B-lactoglobulin at pH 7.5J Am Chem Soc 84032—4036.

activator inhibitor-1.Nature 355270-273. Uhrinova S, Uhrin D, Denton H, Smith M, Sawyer L, Barlow P. 1998. Complete
Muhandiram DR, Farrow NA, Xu G, Smallcombe SH, Kay LE. 1993. A gradient assignment ofH, 3C and*>N chemical shifts for boving-lactoglobulin:
13C NOESY-HSQC experiment for recording NOESY spectra'et- Secondary structure and topology of the native state is retained in a partially

labeled proteins dissolved in@. J Magn Reson Ser B 1€@217-321. unfolded form.J Biomol NMR 1289-107.



