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Effect of Pressure on the Tertiary Structure and Dynamics of Folded
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ABSTRACT The on-line high-pressure cell NMR technique was used to study pressure-induced changes in the tertiary
structure and dynamics of a globular protein, basic pancreatic trypsin inhibitor (BPTI). Practically all the proton signals of BPTI
were observed with 'H two-dimensional NMR spectroscopy at 750 MHz at variable pressure between 1 and 2000 bar.
Chemical shifts, nuclear Overhauser effect (NOE), and line shapes were used to analyze conformational and dynamic changes
of the protein as functions of pressure. Linear, reversible, but nonuniform pressure-induced chemical shift changes of
practically all the C* protons and side chain protons showed that the entire secondary and tertiary structures are altered by
pressure within the folded ensemble of BPTI. The high field shift tendency of most side chain proton signals and the increase
in NOE intensities of some specific side chain protons indicated a site-specific compaction of the tertiary structure. Pressure
dependence of ring flip rates was deduced from resonance line shapes of the slices of the two-dimensional NMR spectrum
for ring proton signals of Tyr-35 and Phe-45. The rates of the flip-flop motions were considerably reduced at high pressure,
from which activation volumes were determined to be 85 = 20 A® (or 51.2 ml/mol) and 46 + 9 A3 (or 27.7 ml/mol) for Tyr-35
and Phe-45, respectively, at 57°C. The present experiments confirm that pressure affects the entire secondary and tertiary
structures of a globular protein with specific compaction of a core, leading to quite significant changes in slow internal
dynamics of a globular protein.

INTRODUCTION

Characterization of the dynamic feature of proteins in soluimode calculation (Yamato et al., 1993) and the molecular
tion remains an area of intense interest due to implicatedynamics simulation (Kitchen et al., 1992; Wroblowski et
relationships between protein dynamics and the structural., 1996; Brunne and van Gunsteren, 1993) under high
and function of proteins. The application of hydrostatic pressure are also performed to probe the protein behavior
pressure to a protein in an aqueous solution is an active fielgself and the solvent effect on it. Only in one case, by
for ext.racting the nature of protein dynamics and stability.applying x-ray crystallography, Kundrot and Richards
InVesugann Of pl’eSSUI’e effeCtS on the pI’OteIn Structurq1987) detected a nonuniform Compression in |ysozyme at
delineates its volumetric features (Chalikian and Breslauerg, atomic level. Many reviews about the pressure effect on
1996;_ Prehoda et al., 1998). So far, various experlment_argrotein structure are also available (Jonas and Jonas, 1994;
techniques have been developed to study the pressure-ifsy,qq angd Jaenicke, 1994; Heremans and Smeller, 1998).

duceq St ructural ghar']ges n proteins. M.acroscop|c COM- As an alternative method to detect the structural changes
pressibility determination via sound velocity measuremen%t an atomic level under high pressure, we have recently

indicates that large internal compressibility exists ms'dedeveloped an on-line high-pressure cell NMR system capa-

proteins (Gekko a}nd Noguchi, 1979; Gekko and Hasegaweble of recording spectra with high resolution at any pressure
1986). Microscopically, for example, fluorescence spectros- tween 1 and 2000 bar (Akasaka et al., 1997, 1999: Lj et

copy at high pressure detects structural changes by usingtll?f 1998 | t al. 1998). Th tial ¢ of thi
Trp residues as local probes (Weber and Drickamer, 1983f » Inoue et al, )- The essential part of this

vibrational spectroscopy, like Raman and FTIR, is mainly!€chnique is to fit the high-pressure cell made of quartz

used to detect the amide vibrational band that is conformanside the probe of the state-of-the-art NMR spectrometer
tion-sensitive (Takeda et al., 1995): in NMR spectroscopy(17-6T or 750 MHz for'H) without any modification of the
line-shape analysis (Wagner, 1980), paramagnetic chemicffobe (Yamada, 1974). Using this technique, we demon-
shifts (Morishima, 1987), coupling constant analysis (Ur-Strated in hen egg white lysozyme by one-dimensidhel
bauer et al., 1996) and so on have been used to detect loo@leasurement (Akasaka et al., 1997) that compaction occurs
changes in structure and dynamics. Furthermore, the normareferentially in the hydrophobic core, which shows con-
sistent result with the x-ray crystallography study (Kundrot
and Richards, 1987). In addition, by performing two-dimen-
Received for publication 1 April 1999 and in final form 29 July 1999.  Sional 'H-NMR measurements at varying pressure between
Address reprint requests to Dr. Kazuyuki Akasaka, Department of Molec-1 and 2000 bar on bovine pancreatic trypsin inhibitor
ular Science, Graduate School of Science and Technology, Kobe UnivetBPTI), we discussed the origin of the pressure-induced
Z'(%’ ;ééf‘;kk(_’fg'l{?hg'8'8';‘15%';;_’ gObe.fSZ'Ssil’ Jlfpsn' TeB1-78- chemical shift changes for individual amide protons (Li et
"5687; Fax:t B1-78-803-5688; E-mall: akasaka@kobe-u.ac.jp. al., 1998). The significant downfield shift tendency shown
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0006-3495/99/11/2801/12 $2.00 for almost all the amide protons suggested that individual
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hydrogen bonds in BPTI are shortened under high pressuregetate-g (Isotecinc., Miamisburg, OH) buffer to make a 10 mM, pH 4.6

Furthermore, by applying an empirical distance-shift rela-solution for NMR measurements.

tionship, intramolecular hydrogen bonds between amide

protons and carbonyl oxygens were estimated to be short-

ened by~1% at 2000 bar. Two other interesting aspects ofHigh-pressure NMR apparatus

the pressure-dependent amide proton shifts are found there. ) ) ) )

First, amides hydrogen-bonded to water have shifts largef® Mgn-resolution, high-pressure NMR technique employed here is a
. . ) .~ “modification of the on-line high-pressure glass tube method originally

than amides 'ntramOIeCU|ar|y hydrOgen'bonded' which Im'reported by Yamada (1974). The protein solution is contained in a quartz

plies that solvation layer between protein and water is morube (inner diameter of 1 mm, outer diameter of 3 mm, protected by a

compressed. Second, significant variation in the magnitud@&eflon jacket), which is separated from the pressure mediator (kerosene) by

of low field shifts exists among the amide groups involveda frictionless piston (Teflon) in a separator cylinder (BeCu). The pressure
P _ PO - an be regulated at will between 1 and 2000 bar (measured with a Heise
in backbone-backbone hydmgen bonds, which |mpI|es thaEourdon gauge) with a hand pump remotely located from the 17.6 T magnet

fluctuation is nonuniform in the hydmgen bond network. (Japan Magnet Technology, Kobe, Japan), and is transmitted through a

Similar phenomena were also observed in a small proteirs-m-long stainless steel tube containing kerosene to the sample solution in

gurmarin (Inoue et al., 1998). the NMR probe. A standard 5-mfi selective NMR probe (Bruker) was
More recently, the effect of pressure on amtdd chem-  used.

ical shifts was studied in uniformly°N-labeled BPTI in

aqueous solution, b¥H-°N heteronuclear correlation spec-

troscopy between 1 and 2000 bar. MdSH signals were  NMR spectroscopy

low field shifted linearly and reversibly, but nonuniformly, VIR N g Bruker DMX.750
. . . e oo spectra at varying pressures were measured on a Bruker -
Wlth pressure, .Sque.S.tmg a variation .SIte.SpeCIflc Chang(:"slgpectrometer operating at*al frequency of 750.13 MHz. The NOESY

in ¢, ‘!’.anglgs in addition to d.ecrease in distances be'[Weef\lleener etal., 1979; Macura et al., 1981) and TOCSY (Braunschweiler and
the amide nitrogen atom and its hydrogen-bond partner, themst, 1983) spectra at 36°C, and the TOCSY spectra at 57°C at various
oxygen atom. So far, however, little has been studied of theressures were all obtained with spectral windows of 10 kHz with 256
pressure effect on the tertiary structure and dynamics ji§omplex points in the,tdomain and 1024 complex points in thedbmain,

BPTI. In the present report. NMR observation is ex- using TPPI (Marion and Wuthrich, 1983) for phase-sensitive detection in
' P port, the t, domain. Water suppression was accomplished by presaturation

tended to pract|cally all the protons of BPTI 'nCIUd'ng C during the relaxation delay at high pressure or by using the pulsed-field
protons and side chain protons to focus on the tertiaryradient (PFG) WATERGATE (Piotto et al., 1992) technique incorpora-
structure changes induced by pressure. Here, not onlton of the 3-9-19 pulse sequence (Sklenar et al., 1993) at 1 bar. Chemical
pressure-induced chemical shifts but also pressure-irﬁhiﬁs were measured from the methyl signal of 3-(trimethylsilyl)[3,3,2,2-

2 ; ) ;
duced changes in resonaniiee shape and nuclear Over- 1 Propionate-g(TSP) at0 ppm or from dioxane at 3.75 ppm, both added
as internal references. The separation of the two signals was invariant with

hauser effect (NOE) were studied. pressure within experimental error. A separate experiment showed that
BPTI is chosen in this study because it is among thehemical shifts due to pH change [expected to-be0.3 pH unit at 2000
best-characterized and thoroughly studied proteins. Albar for the acetate buffer (Isaacs, 1981)] of the solution were negligibly
though it is a small protein with only 58 residues, it showssn‘sf?‘l!'- Datcf_’“werf]? pflocd‘?ss‘;d Wit: tth‘:_UX’\T”;]"RtPaCkgge (‘_3”3"?0 running on
. . ilicon Graphics Indigo2 workstation. The time domain data were zero-
the essential fgature of a glObUIar protein. I.t has three S_%Ied to 2048 and 1024 complex points in theand t, domains, respec-
bonds, two antlparaIIqB-sheets, and two helices, as deter'tively, and apodized using a quadratic sine-bell window function in both
mined both by x-ray crystallography (Deisenhofer anddimensions.
Steigemann, 1975; Wlodawer et al., 1984, 1987; Parkin et For the diffusion measurement, a slightly modified version of the spin
al., 1995) and solution NMR spectroscopy (Wagner et al.echo experiment described by Altieri et al. (1995) was used. The standard

1987: Berndt et al., 1992). It is the protein to which high- Bruker PFG facility was u;ed. No preCIs_e calibration of_the gradle_nt
strength was performed, since we were interested only in the relative

presspre NMR V\_’as applied to _ﬁ”q the prgssure effects OBhanges in the self-diffusion rates under pressure. Two sets of 14 one-
the flip-flop motion of aromatic ring residues (Wagner, dimensional experiments were recorded at 36°C at 30 and 2000 bar,
1980). Its hydrogen exchange behavior was examined biespectively, with the strength of the encoding/decoding pulse field gradi-
FTIR under pressure (Goossens et al., 1996; Takeda et afts being varied up to-37.5 Gauss/cm. The NMR signal intensity,

1998). In addition, taking BPTI as an example, moleculapormahzed to the s_|gna| |nt_er_15|ty in the absence of gradient pulses, is

. . . . related to the diffusion coefficienD, by

dynamics simulation was also performed under high pres-
sure (Wroblowski et al., 1996; Kitchen et al., 1992; Brunne | = exp[—y2g?6?D(A — 8/3)] 1)

and van Gunsteren, 1993).

wherevy is the gyromagnetic ratio of the observed nuclepands are the
magnitude and duration of the magnetic field-gradient pulses, respectively,

and A is the time between the gradient pulses. The experiments were
MATERIALS AND METHODS performed withd = 2 ms,g = 1-37.5 G/cm, and = 100 ms at different
Sample preparation pressures. Self-diffusion rates were obtained by using three-parameter

exponential fitting of the signal intensity of methyl protohsagainst the
Bovine pancreatic trypsin inhibitor (BPTI) was purchased from the Sigmasquare of the gradient strengtl?, A computer simulation of line shape for
Chemical Co. (St. Louis, MO) and was used without further purification. a flip-flop exchange of an aromatic ring was performed with a home-made
Crystals of BPTwere dissolved into 90% }/10% D,O containing 200 mM  program on Macintosh.
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RESULTS AND DISCUSSION Asn-43, and Asn-44 receive strong positive ring-current
shift effects from Phe-4, Tyr-10, Phe-33, Tyr-10, Phe-45,
and Phe-45, respectively. When pressure is applied to the
system, strong upfield shifts are observed for tHgtons
High-quality two-dimensional '"H-NMR NOESY and of Cys-51, Pro-9, and Arg-42, and downfield shifts are
TOCSY spectra were obtained on BPTI in 90%Q#10%  observed for those of Arg-20, Arg-39, Ala-40, Asn-43,
D,0, 200 mM acetate buffer at pH 4.6 and 36°C at variougAsn-44, and Thr-54. Intriguingly, by comparing the pres-
pressures between 1 and 2000 bat.chemical shift as- sure-induced shifts for Tprotons and the corresponding
signments at 1 bar were carried out according to the literating-current shifts at 1 bar, good consistency (not only the
ture (Wagner et al., 1987; Berndt et al., 1992). Assignment§iagnitude, but also the sign) is found for the residues of
at other higher pressures were obtained by comparing arfdys-51, Pro-9, Arg-42 and Arg-20, Arg-39, Ala-40, Asn-43,
closely correlating the crosspeaks in the NOESY andnd Asn-44. _ _
TOCSY spectra at 1 bar and those at the corresponding According to the property of the ring-current shift de-
higher pressures. Practically most of fiéchemical shifts ~ SCribed above, the Tprotons in which consistency was
were analyzed at various pressures and they showed god@und would receive even stronger ring-current shifts
linearity and reversibility within the pressure range from 1¢aused by their adjacent aromatic residues due to distance
to 2000 bar. Therefore, only the differences in chemicaShortening or compaction at high pressure. A similar trend
shift between 2000 bar and 1 bar are given in Table 1. was found for the first time for S|d.e chain protons in the
Histograms for the pressure-induced chemical shiff"igh-Pressure study on hen egg white lysozyme (Akasaka et
changes&sp = 5(2000 bar)— 8(1 bar)] for the C protons al., 1997). .R|ng—current sh|fted_S|gnaIs observed in Iy.—
and side chain protons are shown in Fig. 1. The residue ozyme indicated that a compaction occurs preferentially in

with odd numbers in sequence are shown in the soli¢"® hydrophoplc core of the protein. Howeve_r, INCONSIS-
d;ééancy also exists for the Cprotons of the residues like

| d th ith b hown in th .
column and those with even numuers are SROWn 1n Me. s Thr11, Gly-12, Ala-48, and Gly-37. This may sug-

dotted column. The structural origin of pressure-induce i ; .
strong downfield shifts for amide protons was Carefullygest either that the ring-current shift is not the only reason
to affect the chemical shifts of Cprotons under high

discussed in a previous paper (Li et al., 1998). In contrast to

: i _pressure, or that in these regions, pressure causes the rings
the amide protons, the “Cprotons show sequence-depen to go far away from the affected“Cprotons.

dent upfield and downfield pressure-induced shifts. In gen- . . . .
eral. chemical shifts for the Corotons are considered to be Pressure-induced shifts for side chain protons are also
' : ! o ' shown as histograms in Fig. 1. Upfield shift tendency is

influenced mostly by the local external fields due to aro'obviously seen for most of the side chain protons. The

matic ring-currents and magnetic anisotropy effects fromaverage values of the pressure-induced shifts at 2000 bar for

nearby peptide groups (Williamson and Asakura, 1993'0,3, C, C (aliphatic), C (aromatic), C (aliphatic), C
Sitkoff and Case, 1998). It is known that theelectrons of (aromatic), and € (aromatic) protons are-0.013 ppm
aromatic residues generate ring-currents around themselves, 51 pp'Jm 0.025 ppm,—0.021 ppm _0:042 ppm,

that will constitute another shielding factor against the ex) oog ppm, and—0.025 ppm, respectively. The average
ternal field to the residues located close to them. The sign Orf)ressure—in,duced shifts for“Cp,rotons is—0.014 ppm. It is

ring-current shift is determined by the location and orien-jnieresting to note that pressure-induced shifts féra@d
tation of the affected proton and it can be either negative ogs protons are close to each other on average, and are much

positive. The magnitude of ring-current shift is a function of g aj1er compared with other types of side chain protons.
the distance between the affected proton and the corréxccording to the magnitude of the average pressure-induced
sponding aromatic residue that is proportionai 13, thatis,  shifts, the side chain protons can be written in the increasing
the closer the distance, the stronger the ring-current shifgrger ®H, CYH, C°H, and CH. A clear tendency is shown
thatthe C proton will receive. Ring-current shift is also one especially for the aliphatic side chain protons that the fur-
of the main reasons to cause chemical shift dlsperSIOn f%er they separate from the main Chain, the |arger pressure-
*H-NMR signals of proteins in their folded states. Fig. 2 induced shift they possess. This tendency may imply that
shows the ring-current shifts of“Cprotons at 1 barsplid  the volume fluctuation is, in general, larger in the interior of
line) calculated based on crystal structure at 1 bar using théhe protein, namely that the side chain region is more
program MOLMOL (Koradi et al., 1996), together with the flexible than the main chain part. The extremely small shift
pressure-induced chemical shiftiofted ling. It should be  value for the aromatic @ (0.005 ppm) results from slowed
noted that the magnitude of the pressure-induced chemic#ip-flop motion, which will be discussed later in detail. In
shifts is magnified five times in Fig. 2. At atmospheric addition, it is interesting to find that, among all the detected
pressure, it is shown in Fig. 2 that thé& @rotons of Cys-51, side chain proton signals, extremely large upfield shifts are
Pro-9, Ala-48, Gly-37, Arg-42, and Gly-12 receive strongfound specifically forBH of Arg-42 and Cys-516H of
negative ring-current shift effects from the aromatic resi-Pro-9 and Phe-45, aneH proton of Phe-45. If we recall
dues of Phe-45, Phe-33, Tyr-21, Tyr-35, Phe-4, and Tyr-10ring-current shifts for € protons at 1 bar in Fig. 2, then we
respectively; while those of Cys-5, Thr-11, Arg-20, Ala-40, can find that the € protons of Arg-42 and Cys-51 give

Pressure-induced chemical shifts of C* protons
and side chain protons
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TABLE 1 Chemical shift differences in 10 mM BPTI, pH 4.6, 36°C, 2 kbar-1 bar, 200 mM CD;COOH buffer

Residue NH CH CPH CH C°H C°H CtH

Arg-1 0.003,—-0.036 —,—0.055 —0.033,-0.074 —0.069

Pro-2 0.010 - - —0.027,-0.001

Asp-3 0.132 —0.028 —0.015,-0.015

Phe-4 0.279 —0.008 —0.049, 0.037 —0.030,—-0.030 *%%%%, 0.002

Cys-5 —0.002 —0.053 —0.059.-0.021

Leu-6 0.062 0.019 —0.004 0.010 0.001;-0.029

Glu-7 0.022 0.013 - -

Pro-8 —0.035 —0.006,—-0.033 —0.018,-0.018

Pro-9 —0.083 —0.041,-0.005 —0.020,—0.028 —0.044,-0.096

Tyr-10 0.109 —0.003 —0.011,-0.011 —0.014,-0.014 8883?‘

Thr-11 0.185 —0.029 0.001 —0.006

Gly-12 0.152 —0.022,—0.009

Pro-13 —0.002 —0.024,-0.003 —0.040 —0.021,-0.029

Cys-14 0.084 0.034 —0.007,—-0.053

Lys-15 0.031 —0.010 —0.032, 0.012 —0.020

Ala-16 0.003 —0.025 —0.014

Arg-17 0.145 —0.042 0.007 —0.014 —0.014 —0.055

lle-18 0.073 —0.050 —0.027 —0.031,-0.028 —0.015

lle-19 0.145 —0.028 —0.006 0.038 —0.019

Arg-20 0.044 0.033 —0.008 0.076,-0.139 —0.048,-0.011 0.021

Tyr-21 0.105 —0.043 —0.059 —0.039,-0.039 0.011,
0.011

Phe-22 —0.013 —0.060 0.022, 0.120 —0.005,—0.005 8(())83, —0.012

Tyr-23 0.098 —0.028 —0.005, 0.063 —0.039,-0.039 —%%3;55,

Asn-24 —0.004 —0.015 —0.049,-0.026 —0.020,—0.003

Ala-25 0.147 —0.027 —0.020

Lys-26 0.178 —0.015 —0.007 —0.012

Ala-27 0.115 —0.041 —0.004

Gly-28 0.057 0.001, 0.016

Leu-29 0.105 —0.001 0.058, 0.042

Cys-30 0.040 0.037 0.026;0.040

GIn-31 0.035 —0.008 —0.019 —0.007

Thr-32 0.098 —0.054 0.006 —0.021

Phe-33 0.052 0.013 0.030 —0.021,-0.021 —%%11??3, —0.033

Val-34 0.158 —0.019 —0.006

Tyr-35 0.054 —0.061 0.011,-0.020 0.020,-0.022 0.017,
—0.028

Gly-36 0.153 —0.008,—-0.026

Gly-37 - —0.052, 0.051

Cys-38 0.000 —0.024 0.032,-0.033

Arg-39 —0.019 0.051 —0.029 —0.032 —0.001 —0.028

Ala-40 —0.008 0.039 —0.025

Lys-41 0.104 —0.030 —0.035

Arg-42 0.067 —0.069 —0.169,-0.212 —0.036,—0.041 —0.052, 0.005 —0.086

Asn-43 0.053 0.039 —0.050, 0.002

Asn-44 0.115 0.042 —0.007,-0.001

Phe-45 0.015 —0.006 —0.017,-0.032 0.045,-0.089 06325072, —0.058

Lys-46 —0.016 —0.008 —0.007, 0.005 —0.031

Ser-47 0.009 —0.035 —0.017,-0.014

Ala-48 0.003 —0.025 0.004

Glu-49 0.005 0.025 —0.033, 0.000 —0.025, 0.014

Asp-50 0.081 —0.030 0.021, 0.005

Cys-51 0.046 —0.168 —0.060,—-0.115

Met-52 0.057 0.024 —0.018

Arg-53 —0.022 —0.001 —0.010 0.008 —0.035

Thr-54 —0.008 0.039 —0.006 0.020

Cys-55 0.198 0.016 0.058, 0.045

Gly-56 0.167 —0.023,-0.023

Gly-57 0.112 —0.016, 0.009

Ala-58 0.121 —0.035 —0.003

—, Unassigned due to signal overlap.
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Residue number

FIGURE 1 Histograms of the pressure-induced chemical shifép [= §(2000 bar)— 8(1 bar)] for the C protons and side chain protons in the same
scale. &) aHs, () BHs, (€) yHs, [d) dHs, (€) eHs, and ) éHs. The amino acid residues with odd numbers are indicated in the solid column and those with
even numbers are indicated in the dotted column. The arroe) indicates that the pressure-induced shift of ¢éhieof Phe-45 exceeds the scale required.
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FIGURE 2 Plots of the pressure-induced shifts f6rpBotons \dp = §(2000 bar)— §(1 bar)] ©, ¢, dotted ling values magnified five times) and their
ring-current shifts at 1 bar«, @, solid line).

extremely large negative ring-current shift values. It is con-whereD is the diffusion coefficient of the solutég, T, 7,
sidered that the ring-current is also the main reason to caused a represent the same quantities as described in Eq. 3.
upfield shifts of these protons. The large upfield shifts undefTherefore, based upon the above consideration, we per-
pressure seemed to reflect the distance shortening betweérmed self-diffusion measurements by NMR at different
the BHs and their adjacent aromatic residues. Furthermoreyressures in order to finally obtain the pressure-dependent
the nonuniform upfield shift tendency for side chain protonsinformation of 7. The diffusion measurement and the re-
would imply that site-specific compaction occurs inside thelated data processing are described in Materials and Meth-
molecule at high pressure. Further details will be discussedds. The result showed that the ratio of the self-diffusion
later together with NOE data. coefficients measured at 2000 bar and 1 bar was 0.872. If
we neglect the effect of pressure on the hydrodynamic
nature of the protein, for example, its hydrodynamic radius,
Pressure-induced changes in nuclear the decrease of self-diffusion coefficients would be consid-
Overhauser effect ered to be due to the increase of solution viscosijfyhence

Direct evidence for the compaction of the tertiary structuret€ increase of the correlation time,. According to the

was obtained from pressure-induced NOE changes. ThgdS: 3 @nd 47 at 2000 bar is calculated to be increased by
intensity of NOE is related to the distancebetween two ~_+9% compared with the value at atmospheric pressure.

different nuclear spins and the correlation timeby an Therefore, generally speaking, NQE intensities will be in-
equation of the general form: creased by the same amount asincreases. In order to

obtain pure distance information from NOE intensities, we
NOE a r°z. (2) calibrated the NOE intensities at 2000 bar to get rid of the
pressure effect on.. In addition, we take the diagonal peak
This would suggest that if we can assessndependently, of TSP as an intensity standard to compare NOE changes at
we will be able to obtain distance information through NOE different pressures, because the TSP peak is well Separated

measurements. with other peaks along the diagonal and it is assumed that
It is well known that the correlation tim@’c, is related to pressure has no effect on its intensity_
the viscosity,n, in the following way: As a typical and clear example, in Fig. 3 parts of the

aromatic-aliphatic regions of the NOESY spectra are given
to show the NOE changes at different pressures. All of the
crosspeaks in Fig. 3 are assigned. It can be clearly seen that
the NOE intensities between ti#l of Arg-42 and the ring
protons of Phe-4, i.e§H and eH, were increased dramati-
cally with pressure. Therefore, in this way, we obtained a
list of pressure-induced NOE changes concerning the aro-
matic residues shown in Table 2, together with the chemical
D = kgT/67ma (4)  shift assignments. The list of the pressure-induced NOE

7o = 4mma’/3kg T 3)

where 7 is the viscosity,a is the dynamic radius of the
protein, kg is the Boltzmann constant, afids the absolute
temperature. At the same time, the viscosityis related to
the translational diffusion coefficienD, in the following
way:
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FIGURE 3 Parts of the aromatic-
aliphatic regions of the NOESY spec-
tra of BPTI, measured at 36°C and at
1 bar, 1000 bar, and 2000 bar with a
mixing time of 150 ms. Assignments
for all the crosspeaks are given. The
diagonal peaks of TSP at different
pressures, used as intensity standard,
are also given.

1000bar

i 2000bar

changes of all other kinds of protons will be presentededge, this is the first instance that pressure-induced com-
elsewhere. In Table 2, pressure-induced NOE changes apaction is detected as NOE changes in the native manifold
listed and categorized into two groups, namely, pressuresf proteins. Interestingly, if we recall the pressure-induced
induced increased NOEs, which indicate compaction, arshifts shown in Fig. 1, we can find that the upfield shift of
indicated by “+”; pressure-induced almost no change inthe BH of Arg-42 corresponds very well with its intensified
NOEs by “+.” Constraint pairs of Tyr-35H/lle-185H*, NOE between ring protons of Phe-4.

Phe-4%H/Asn-43xH, Phe-4%H/Thr-54yH*, and Phe-
45HN/Arg-2(8,H demonstrate the compaction around
Tyr-35 and Phe-45 from the NOE point of view. As shown
in Table 2, compaction also occurs around Phe-4, Phe-2
and Tyr-23. NOE constraints for other aromatic residued-lip-flop motion refers to the rotational motion of an aro-
like Tyr-10, Tyr-21, and Phe-33 have not been detectednatic ring around its @8 and Cy axis. For amino acid
because of overlapping in spectra. To the authors’ knowlresidues located in the interior of globular proteins, the

2$Iowing of flip-flop motions by pressure
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TABLE 2 The chemical shift assignments and pressure-induced NOE lists for the aromatic residues of BPTI at 57°C

Chemical shifts of aromatic ring protons at different pressures (ppm) Pressure-
induced NOE
Residue 1 bar 500 bar 1000 bar 1500 bar 2000 bar  NOE constrainté change$
Phe-4 CH (2, 6H) 7.00 6.99 6.98 6.98 6.98 PhéHE/Arg-428,H +
C°H (3, 5H) 7.37 7.37 7.37 7.37 7.37 PheHt/Arg-428,H +
C*H (4H) 7.32 7.32 7.32 7.32 7.33
Tyr-10 CH (2, 6H) 7.33 7.33 7.33 7.33 7.33
C°H (3, 5H) 7.08 7.09 7.09 7.09 7.09
Tyr-21  CH (2, 6H) 6.80 6.80 6.80 6.80 6.82
C*H (3, 5H) 6.72 6.72 6.70 6.68 6.68
Phe-22 CH (2, 6H) 7.15 7.14 7.15 7.14 7.15 PheePP/Pro-9y,H +
C°H (3, 5H) 7.22 7.23 7.22 7.23 7.23
CtH (4H) 7.26 7.27 7.27 7.26 7.26
Tyr-23 CH (2, 6H) 7.19 7.17 7.17 7.16 7.16 Tyr-83*/Ala-258H* +
C®H (3, 5H) 6.34 6.34 6.33 6.32 6.32 Thr-#3*/Cys-58,H *
Phe-33 CH (2, 6H) 7.07 7.07 7.06 7.07 7.07
C°H (3, 5H) 7.13 7.12 7.12 7.12 7.12
CtH (4H) 7.00 6.99 6.98 6.98 6.98
Tyr-35 CH (2, 6H) 7.76, 6.69 7.76, 6.68 7.77, 6.67 7.78, 6.68 7.78, 6.68 THF8He-185H* +
C°H (3, 5H) 6.82 6.78,6.83  6.77,6.86  6.77,6.87  6.77,6.88  Tyr-35HN/I[gHt9 *
Tyr-35HN/lle-19yH* *
Phe-45 CH (2, 6H) 7.38 7.38 7.38 7.38 7.38 Phe-45HN/Args20 +
C°H (3, 5H) 7.88 7.89 a1 - | —1 Phe-48H/Asn-43H +
CtH (4H) 7.62 7.63 7.65 7.66 7.66 PhedHThr-54yH* +
&

Phe-4%H/Thr-548H

#The amino acid residue is identified by a three-letter symbol, followed by a number indicating the position in the amino acid sequence. The superscrip
asterisk indicates pseudoatoms that substitute for a group of two or more protons. The subscript number followed by Greek letters indicateotba exact
with the same kind, in which “1” and “2” are defined according to the size of chemical shift in assignments at 1 bar instead of stereo assignment.
SPressure-induced NOE changes are indicted by two symbols, in whitistands for increased NOE and-" for no NOE change.

Chemical shift unassignable due to lineshape broadening.

influence of the environment can lead to quite sizable chemaromatic protons, i.e., 2H, 6H, 4H, 3H, and 5H, constitute a
ical shifts. For the aromatic rings of phenylalanine andspin system of AAMXX'. At atmospheric pressure, the
tyrosine, the covalent structure is symmetrical with respecintensities of the crosspeaks between 2, 6H and 4H, and
to a twofold axis through the @Cvy bond. Provided that all between 3, 5H and 4H, and between 3, 5H and 2, 6H are
the aromatic protons experience the same environment, thigrong (Fig. 4A, top. The signals of 2H and 6H are found
symmetry is manifested in the equivalence of the chemicaht identical chemical shifts (7.38 ppm) and those of 3H and
shifts of the 2,6- and 3,5-protons. In globular proteins,5H at 7.88 ppm, showing that the flip-flop motion of the
however, the environment of the aromatic rings is characPhe-45 ring is rapid enough to average out the chemical
terized by a nonperiodic distribution of structural elementsshifts between 2H and 6H and between 3H and 5H. At
As a consequence, individual ring protons may experienc@igher pressures, the intensities of these crosspeaks become
different microenvironments and hence show differentweaker, suggesting that the signals are broadened out pre-
chemical shifts (Wthrich, 1986). When the aromatic rings sumably due to slowing of the flip-flop motion of Phe-45.

undergo rapid rotational motions about thg-Cy bond, a For Tyr-35, four aromatic protons, i.e., 2H, 6H, 3H, and
symmetrical spectrum is again obtained. Therefore, flip-flop5H, constitute a spin system of ABB’. The process of the
motion reflects the dynamic feature of a protein. spectral change with pressure can be seen more clearly in

In the present report, two-dimension&#/*H TOCSY the one-dimensional slice spectra shown in Fi@. Here,
spectra were measured at 57°C at varying pressure. Thwdices are taken at the chemical shift position of 2H of
aromatic-aromatic regions measured at 57°C at differenTyr-35 along the horizontal direction=). At the atmo-
pressures with an interval of 500 bar are shown in Fi§. 4 spheric pressure, 2H and 6H give separate chemical shifts at
The resolution of the spectra is greatly improved with the7.76 ppm and 6.69 ppm, while the signals of 3H and 5H
help of the two-dimensional NMR technique. The assign-merge into a singlet at 6.82 ppm. With increasing pressure,
ments are given for the crosspeaks of all the aromati¢the 6H signal becomes sharper, and the merged signals of
residues in BPTI, as was shown in Table 2. Itis clearly seef8H and 5H become separated as two sharp signals at 6.77
that, with increasing pressure, the crosspeaks for residuggm and 6.88 ppm, respectively. These spectral changes
Phe-4, Tyr-10, Tyr-21, Phe-22, Tyr-23, and Phe-33 showqualitatively indicate that the flip-flop rate of the Tyr-35
almost no changes in chemical shift and line shape. Howring is slowed down at high pressure.
ever, those for Tyr-35 and Phe-45 show great changes in For a quantitative estimation of the flip rates, spectral
both chemical shift and line shape. As for Phe-45, fivesimulation was carried out for the slice (or cross-section)
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FIGURE 5 @) Experimental Blue) and simulatedréd) spectra of 3H and 5H of Tyr-35 at different pressur®). Experimental §lue) and simulated

(red) spectra of 3H and 5H of Phe-45 at different pressures. In these simulations, it was assumed that the intrinsic chemical shifts of 3H and 5H of Tyr-35
are separated by 96 Hz, and those of 3H and 5H of Phe-45 by 486 Hz, while their intrinsic linewidths are 29 Hz, all of which were determined by separate
measurements at low temperatur€) Superposition of the 3H and 5H region of the TOCSY slice spectra taken at 2H resonance position of Tyr-35
measured at 57°C at five different pressures: 1 bed)( 500 bar ¢range, 1000 bar yellow), 1500 bar greer), and 2000 bardyar). (D) Superposition

of the 3H and 5H region of the TOCSY slice spectra taken at 2H resonance position of Phe-45 measured at 57°C at five different presstedg: 1 bar (
500 bar prange, 1000 bar yellow), 1500 bar greer), and 2000 bardyan). (E) Logarithmic plot of the flip-flop rate of the rings (in s%), for Tyr-35

and Phe-45 against pressurg) A ribbon model for BPTI with locations of Tyr-35 and Phe-45.
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spectra of the experimental two-dimensional TOCSY specthese aromatic residues, the activation volume should, in
tra for Tyr-35 and Phe-45. One cross-section was taken girinciple, be pressure-dependent. However, the straight line
the chemical shift position of 2H of Tyr-35 (7.76—7.78 ppm, in Fig. 5 shows the effect of compaction on activation
indicated by arrows), and are shown in the right-hand sidevolumes is apparently small.

(Fig. 4B). The other cross-section was taken at the chemical It would be interesting to compare these activation vol-
shift position of 4H of Phe-45~7.62 ppm). Out of these umes with the equilibrium volume fluctuation of the pro-
cross-sectional spectra, resonances of 3H and 5H of Tyr-3&in. Although there is no direct measurement for BPTI, a
and Phe-45 were chosen and are given superimposed fogasonable estimate of the root-mean-squares fluctuation
different pressures in Fig. & andD. The exchange broad- would be 0.3+ 0.1% of the total volume of the protein
ening and resonance coalescence of 3H and 5H signals aféekko and Hasegawa, 1986), i.e., onhp4 A3. Thus the
clear, showing pressure-induced reduction of the flip ratelocal volume fluctuation may far exceed the root-mean-
The slightly uneven intensities for H5 and for H3 in Fig. 5 squares fluctuation of the entire protein molecule. This
C at 1000, 1500, and 2000 bar are due to the overlap of theesult suggests that the formation of a large local cavity may
6H signal of Tyr-35. At each pressure, simulation wasbe a consequence of accumulation of smaller cavities. The
performed, and the result for Tyr-35 is shown in FigABs  result appears to be consistent with the dynamic nature of
a series of superimposed experimentdili€) and simulated cavity formation (Kocher et al., 1996) or a mobile defect
(red) spectra. In Fig. B, the same for 3H and 5H of Phe-45 model (Lumry and Rosenberg, 1975; Pain, 1987). The result
are shown. The flip-flop rates of both Tyr-35 and Phe-45is also an interesting example showing that critical fluctu-
rings of BPTI, which span a relatively slow frequency rangeations of a protein molecule, as manifested by ring-flips
of 10%-10* s* (or r = 0.1-100 ms), show significant occurring in millisecond range, take place in a range far
retardation by a factor of 1010° at 2000 bar. from the range of equilibrium fluctuation.

In Fig. 5E, logarithms of the flip rates obtained from the  The pressure reduction of the flip rates may be compared
simulation are plotted against pressure. The slope of the platith the reduction of the flip rate by lowering temperature
gives the activation volume through the relation (Wuthrich, 1986). By comparing line shapes, we notice that
the reduction of the flip rates for Tyr-35 and Phe-45 by
pressure at 2000 bar at 57°C is nearly equivalent to lowering

AVE = dlnk
= —kgT ®) temperature by-25° to ~30—35°C at 1 bar.

P ).

where AV* is the activation volumekg is the Boltzmann
constant[T is the absolute temperature, aaig the flip rate. CONCLUSIONS

In Fig. 5E, the plot can be fitted well with a straight line up Structural information obtained by using an on-line vari-
to 2 kbar, giving pressure-independent activation volumegple-pressure NMR technique provides useful insight into
to be 85+ 20 A° (or 51.2 mi/mol) and 46= 9 A (or 27.7  microscopic compressibility and volume fluctuation in pro-
ml/mol) for Tyr-35 and Phe-45, respectively. Namely, in theteijns. Analysis of three kinds of NMR parameters, i.e.,
activated states the protein must expand by 46 and 85 Achemical shifts, NOE, and line shape, indicates that the
around the Tyr-35 and Phe-45 rings, respectively. Thenain effect of high pressure is a specific compaction of the
present analysis confirms the result of the earlier pioneeringertiary structure and a change in slow internal motions.
work on activation volumes of BPTI, i.e., 68 20 A’ for  Rates of the flip-flop motions of the Tyr and Phe rings are
Tyr-35 and 50+ 10 A® for Phe-45, using one-dimensional significantly retarded by pressure, showing large activation
NMR in the pressure range up t©1200 bar (Wagner, yolumes. Overall, high-pressure NMR is a powerful tool to

1980). _ _ . study microscopic compressibility and dynamics of a glob-
The activation volume is defined as a difference betweeny|ar protein.

the volume occupied by the ring in the ground state and the
volume in the activated state. If we assume that the volume o o
in the activated state is the volume occupied by a rotatin h|s workaEaOsI supported _byagrant-ln-a|d ;or S::|ent|f|;: Research from the
Tyr or Phe ring and is equal to 164 Avith a radius of 3.4  Ministry of Education, Science, Sports and Culture of Japan.
A (Wagner, 1980), the activation volumes (8520 A3 for
Tyr-35 and 46+ 9 A3 for Phe-45) give 79 Aand 118 & REFERENCES
for the volumes occupied by the Tyr-35 and Phe-45 rings, _ _
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