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Abstract

Defining the self-association state of a molecule in solution can be an important step in NMR-based structure
determination. This is particularly true of peptides, where there can be a relatively small number of long-range
interactions and misinterpretation of an intermolecular NOE as an intramolecular contact can have a dramatic
influence on the final calculated structure. In this paper, we have investigated the use of translational self-diffusion
coefficient measurements to detect self-association in agueous trifluoroethanol of three peptides which are ana-
logues of the C-terminal region of human neuropeptide Y. Experimentally measured diffusion coefficients were
extrapolated to B, the limiting value as the peptide concentration approaches zero, and then converigg to D

the diffusion coefficient after correction for temperature and the viscosity of the solvent. A decreasgyin D

of about 16% was found for all three peptides in aqueous TFE (30% by volume) compared with water, which

is in reasonable agreement with the expected decrease upon dimerisation, the presence of which was indicated by
sedimentation equilibrium measurements. Apparent molecular masses of these peptides in both solutions were also
calculated from their diffusion coefficients and similar results were obtained. Several potential internal standards,
including acetone, acetonitrile, dimethylsulfoxide and dioxane, were assessed as monitors of solution viscosity over
a range of trifluoroethanol concentrations. Compared with independent measurements of viscosity, acetonitrile was
the most accurate standard among these four. The practical limitations of a quantitative assessment of peptide self-
association from translational diffusion coefficients measured by PFGNMR, including the calculation of apparent
molecular mass, are also discussed.

AbbreviationsPFGNMR, pulsed field gradient NMR; NPY, neuropeptide Y; TFE, trifluoroethanol.

Introduction etal., 1997; Pan et al., 1997). Unlike traditional meth-

ods for monitoring biomolecular self-association, such

Translational self-diffusion coefficients of proteins as

as analytical ultracentrifugation or dynamic light scat-

measured by pulsed field gradient NMR have been tering, the PFGNMR method allows the translation

used successfully for the characterisation of self-
association and folding/unfolding processes in solu-
tion (Altieri et al., 1995; Dingley et al., 1995; Jones
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diffusion coefficient of the molecule to be determined
under identical conditions to those used for determi-
nation of the solution structure. The state of self-
association of a protein can be obtained directly from
its diffusion coefficient or via the relationship between
its mass and diffusion coefficient.

In practice, how directly an assessment of mole-
cular self-association can be obtained from measure-
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ments of molecular translational self-diffusion coeffi- cadian rhythms, anxiety and sexual behaviour, these
cients by PFGNMR depends on whether a computa- activities being mediated by at least six receptor sub-
tion of the molecular mass is required. Altieri et al. types (Y1-Y6) (Grundemar and Hakanson, 1994;
(1995) showed that oligomerisation could be detected Grundemar, 1997). The 13-residue C-terminal ana-
directly from diffusion constants without calculating logue Ac[Lef®3NPY?4-36 s a potent and selective
molecular masses by comparing the measured diffu- agonist for the Y2 receptor (Barden et al., 1994; Potter
sion coefficients with values for known monomeric et al., 1994). It adopts a well-defined helical struc-
proteins. Similarly, Dingley et al. (1995) were able ture in aqueous trifluoroethanol (Barden et al., 1994;
to determine the concentration of detergent necessaryBarnham et al., 1999) and associates to form trimers
to inhibit self-association of myosin light chain 2 by or tetramers in this solvent (Barnham et al., 1999).
monitoring the protein’s translational diffusion coef- The peptides examined here are analogues of this pep-
ficient. Diffusion measurements have also been usedtide that incorporate lactam bridges with the aim of
to monitor lysozyme unfolding in urea, where a 38% stabilising the helical structure (Houston et al., 1995;
increase in the effective hydrodynamic radius was in- Rist et al., 1996; Kirby et al., 1997); their amino acid
ferred (Jones et al., 1997), and to characterise partially sequences are shown in Figure 1.

folded forms of bovine pancreatic trypsin inhibitor Structural studies on these peptides, to be reported
(Pan et al., 1997). In a different vein, changes in the elsewhere, have shown that all three adopt helical
diffusion coefficients of small molecules when bound structures in aqueous TFE, whereas in water only the
to proteins can be used to identify protein ligands from lactam bridge region retains a helical-like turn struc-
complex mixtures of synthetic or naturally occurring ture. Representative structures of peptide water
chemicals emanating from screening programs (Lin and in aqueous TFE are shown in Figure 2. As the
etal., 1997; Chen et al., 1998). parent peptide for this series, Ac[L&FINPY24-36,

In most of these applications the actual molecular associates to form trimers or tetramers in aqueous TFE
mass corresponding to a given diffusion coefficient (Barnham et al., 1999), we were interested in deter-
was not critical, the emphasis being on changes in mining if the lactam-bridge peptides showed similar
structure or state of aggregation. In the work pre- behaviour. We have therefore measured their diffusion
sented in this paper, we wished to determine the coefficients by PFGNMR in both water and aque-
degree of self-association of a series of peptides in ous TFE. Several ways of interpreting these data in
water and aqueous trifluoroethanol in parallel with terms of apparent molecular masses of the peptides
studies of their solution structures and the design of have been explored and the results are compared
new analogues. For the assessment of molecular self-with masses obtained from sedimentation equilibrium
association from translational diffusion coefficients in experiments.
two different solvents, several approaches are possi-
ble, including (i) correcting the measured diffusion
coefficients for temperature and solvent viscosity and Materials and methods
extrapolating to zero solute concentration, (ii) intro-
ducing a small organic molecule as an internal stan- Sample preparation
dard against which measured diffusion coefficients are All peptides used in the present study were obtained
compared, and (iii) calculating the apparent molecu- from AusPep (Melbourne, Australia). NMR samples
lar mass directly from the measured diffusion coef- were prepared by dissolving 2.8—-4.8 mg of each pep-
ficients. In the present work, all three methods have tide in 600 ul of H>O containing 10%2H,0O by
been investigated, and the results are compared withvolume or 600l of H,O containing 30% TFEH;
those from sedimentation equilibrium measurements by volume. Concentration-dependence studies were
conducted on the same samples. carried out by adding a weighed amount of peptide

The peptides investigated in this work are re- to a diluted sample. The pH was adjusted to 5.0
lated to the C-terminal region of neuropeptide Y by addition of small amounts of HCI or NaOH, and
(NPY). NPY is a 36-residue, C-terminally amidated, measured at 20C without correction for isotope or
polypeptide hormone and neurotransmitter, active in solvent effects. Samples used for the assessment of
both the central and peripheral nervous systems. It small organic molecules as potential internal stan-
participates in the regulation of many physiological dards in the presence of trifluoroethanol were pre-
processes, including food intake, blood pressure, cir- pared by adding 0.0a! dioxane, acetone, acetonitrile
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24 36
hNPY ¢see. . LRHYINLITRQRY-NH,

Ac-cyclic®®*? [Ala® Lys® Leu® Glu®] NPY** (I) Ac-ARHYKNLLERQRY~-NH,
I

Ac-cyclic®? [Ala® Lys™® Glu™] NPY** (IT) Ac-ARHYRKNLIERQRY-NH,
—
Ac-cyclic?®*? [Lys® Glu*] NPY*¢ (I1T) Ac- RHYKNLIERQRY-NH,

Figure 1. Amino acid sequences of peptidedll used in the present study. All three peptides are analogues of the C-terminal region of human
NPY, the amino acid sequence of which is shown at the top. The NPY numbering is used throughout this paper. The line between K28 and E32
represents a lactam bridge.

Figure 2. NMR-derived structures of peptidén 90% HZO/10%2H20 (left) and 40% TFE2—H3/ 60% HO (middle) at 25 C and pH 5.0 (Yao

et al., to be published) and a schematic diagram of a prolate ellipsoid model used in estimating the shape-factor (right). The lactam bridges in
both structures are on the right-hand side of the structures in grey. No substantial chemical shift differences were observed for those peptides
between 20 and 25 or for volume fractions of TFEH3 in the range 30-40%.

and dimethylsulfoxide to 60@.1 of HoO containing 2D mode for each measurement, with a recycle time

different percentages by volume of TFPEk. of 6 s between scans. To ensure that equilibrium had
been established with respect to sample temperature
PFGNMR spectroscopy and molecular self-association processes, measure-

PFGNMR spectra were acquired at’ZDon a Bruker ments were taken consecutively until no systematic
AMX-500 spectrometer using a 5 mm triple resonance change to the diffusion coefficients of the molecules
probe with a single gradient (Z). A PFG longitudinal was apparent.

eddy-current delay (LED) pulse sequence incorporat-

ing crusher gradients during both longitudinal storage Calibration of B field gradient strength

periods was used (Gibbs and Johnson, 1991; Dingley The strength of the Bfield gradient was calibrated
et al., 1995). Diffusion coefficients were measured by firstly by measuring the self-diffusion coefficient of
incrementing either the duration of the field gradient the residual AHO in a 100%°H,0 sample at 23C
pulses (typically, with an initial value of 0.2 ms, a (Callaghan et al., 1983). A diffusion coefficient of
step size of 1.5 ms and magnitudel5.4 G cnr?l) 1.90 x 1072 m? s1 for that residual BHO signal

or the amplitude (typically, with an initial value of (Longsworth et al., 1960) was used for back calcu-
~2.6 G cnm! and a step size of 2.6 G cthfor 5 ms), lation of the gradient strength, in which both peak
while the separations (50 ms) of the field gradients intensities (without manipulating the window func-
and the total echo time were kept constant. A series tion) and volumes were fitted to a single exponential
of 12 spectra with 32, 64 or 128 scans was recorded in decay. The strength of thepBield gradient was also
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calibrated using a 4.0 mm high sample of 10880 for 16—20 h at 20C and the absorbance profiles were
in a Shigemi NMR tube. Both gradient-echo and spin- measured using wavelengths from 230 to 290 nm.
echo sequences were used to generate a spatial profil®ata were analysed by nonlinear regression assuming
of the sample with the field gradient on during acqui- a single species. A value of 0.220~2 m® kg~1, as
sition. A sufficient time delay was employed between calculated from the amino acid composition, was used
the dephasing and rephasing gradient pulses to en-for the partial specific volume of these peptides. A
sure that the dephasing gradient pulse had decayedvalue of 1.14 10° kg m~3 was used for the density of
completely before the rephasing gradient was turned the 30% TFE2H3/70% HO solution (MacPhee et al.,
on. Slightly higher values of Gz (3-5% for Gz up to 1997; Schuck et al., 1998).

50 G cnTl) were obtained with the first method by

fitting the volumes, whereas the values of Gz from Diffusion coefficient in water at 2@C

the first method by fitting the intensities without ma- In order to take into account the differences in tem-
nipulating the window function were in very good perature and viscosity among different solvents, it
agreement with those from the second method. Valuesis convenient to convert the experimentally measured
of the strengths of the Bfield gradient used in the  diffusion coefficients to standard conditions, usually
present study were the average of those from the first water at 20C:

method using peak intensities and the second method.
9P D20w = Dobs(2932/T)(7.w/M20w) (Ms/Mw)  (2)

Translational diffusion induced signal attenuation where Do is the diffusion coefficient standardised
and data processing to water at 20C, Dgps is the measured diffusion
For a single diffusing species, the signal attenuation in coefficient in the actual solvent at the experimental
the presence of a single pair of pulsed field gradients temperature, Tyt w andnzow are the viscosities of
is given by water at the temperature of the experiment (T) and at
2 2 D 20°C, respectively, andis andn, are, respectively,
I =Tloexp(—y"g"Dd%(A —3/3)) (1) the viscosities of the solvent and water at a common
wherey is the gyromagnetic ratio and @, and A temperature (Ralston, 1993).
are the amplitude, duration and separation of the
single pair of gradient pulses, respectively (Stejskal Internal standard for diffusion measurements
and Tanner, 1965). All spectra were processed us- In order to avoid the complications arising from varia-
ing XWINNMR 2.1 (Bruker). An exponential window  tions of sample conditions, some small molecules have
function with 3 Hz line broadening was applied before been used as internal viscosity standards (Chen et al.,
the Fourier transformation (FT) and a baseline correc- 1995; Jones et al., 1997). This internal viscosity stan-
tion was then conducted after the FT. Data analyses dard may be considered as an internal radius standard
were accomplished using thelaxation /T2 rou-  if the effective hydrodynamic radius, "¢ of the
tine (Bruker). Diffusion constants were obtained by molecule is calculated
fitting peak intensities to a single exponential decay -
(Equation 1) using the progra@imfit(Bruker). For Rﬁep“de= RE®" x DRef/Dpeptide ®3)
each measurement, a number of peaks across the specrhjs approach was employed in comparing native and
trum was used in the fitting and the average value was yrea-denatured lysozyme by PFGNMR diffusion mea-
reported. No significant difference was observed by syrements in order to avoid the complexities arising
fitting peak intensities compared with peak volumes.  from variations in solution viscosity and tempera-
ture (Jones et al., 1997). Similarly, a change in the
Analytical ultracentrifugation state of self-association may also alter its effective
Sedimentation experiments were performed using a hydrodynamic radius.
Beckman XLA ultracentrifuge and Ti60 rotor. A
12 mm centrepiece and a sample volume of 400  Calculation of apparent molecular mass from
were used in all measurements. Measurements oOntranslational diffusion coefficient
NMR samples were made following the addition of The relationship between molecular mass (M) and
50 mM NaClin order to minimise non-ideality effects  giffusion coefficient (D) is given by
(Monks et al., 1996). Sedimentation equilibrium dis- 3
tributions were formed by centrifugation at 40 000 rpm M = (KT/6mnFD) [4nNAa/ [3(v2 +31vD)]]  (4)
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where k is the Boltzmann constant, T is the ab- o]

solute temperature, is the viscosity of the solution, es] BEECEREIEBBRZEAAR=""""
Na is Avogadro’s numbery, andv; are the partial o]

specific volumes of the molecule and solvent water, = = 5o

respectively, and, is the fractional amount of wa- ™ ™°’ |, ]

ter bound to the molecule (hydration number) (Cantor *etece.,,

and Schimmel, 1980). F is the shape factor, or Perrin 2] BoooocodiBsEsaTse e
factor, which is defined to be the ratio of the friction 10 T T T T T T T

¢ 2 4 8 8 10 12 14 18 18 20

coefficient of the molecule (f) to that of a hard sphere e

(fo) with equivalent mass and partial specific volume.

For protein shapes modelled as rotational eIIipsoids Figure 3. Summary of three sets of measured diffusion coefficients

' for NPY peptides (circles) and TFE (squares) in 30% 'ﬁT—E;/?O%

F can be expressed in terms of the axial rati@ = H,0. Black filled symbols: peptide sample; grey filled symbols:
b/a, with b being the equatorial radius aadeing the peptidell sample; and open symbols: peptitlesample. The NMR
semi-axis of revolution), as follows: probe temperature was equilibrated before the samples were intro-

duced, and the acquisition of the first measurement started 1 h after

For a prolate ellipsoidp( < 1) the sample was inserted into the probe.

F = f/fo (5a)
211/2 10+2/3 2,1/2
= 1-p)Y/@In{1+ Q- p)'?)/ph Gln at position 28, reducing the hydration number
For an oblate ellipsoido(> 1) to 0.41 (the hydration numbers for charged and un-
E /f charged Lys side chains are the same). A value of 0.4
= T1/To

’ 12 12/3 g2 12 was used for the hydratio_n numbéi, in the _presc_ent
= (p*=D7/{p7 tan "[(p° — 1771} (5b)  study. The overall dimensions of these peptides in wa-

Clearly, calculation of molecular mass, M, from ter and aqueous TFE are similar, as shown in Figure 2.
the translational diffusion coefficient, D, using Equa- A value of 1.0325 was calculated for the shape-factor,
tion 4 requires the values fon, vy, & and F F, by using Equation 5a for a prolate ellipsoid with an
to be known. In the present study, the viscosity @axialratio of 0.55 for structures in both solvents.
of water at 20C, 1.00% 103 N s m2 (Weast,
1984), was used for the 10%H,0/90% HO so-
lution. The viscosity for 30% TFEH3/70% HO Results
was obtained from the original data of Schuck
et al. (1998) to be 1.606102 N s m2. The Measurement of diffusion coefficients
original data were fitted to a fourth-order poly- To ensure that samples had equilibrated with respect to
nomial with the constrainty = 1.000 when sample temperature and state of self-association, mea-
x = 0. The following relationship was obtained: surements were taken consecutively until no system-
n = 1.000+ 2.133x+ 1.670X% — 8.404x¢ + 4.948%", atic change in the diffusion coefficients was observed.
wheren donates the solution viscosity expressed rel- Figure 3 shows experimentally measured diffusion co-
ative to water and x donates the volume fraction of efficients of NPY peptides in 30% TF&H3/70% H,0
TFE per total volume of added TFE and water. A versus time. Diffusion coefficients for TFE are also
value of 0.7 103 m® kg~! was used for the par- shown. A time-dependent decay is evident for peptide
tial specific volume, as calculated from the amino acid |, but not for the other two peptides. Slight differences
composition (Perkins, 1986) without correction for the in the diffusion coefficients of TFE across the three
presence of TFE. Hydration numbers in the range 0.3— samples may result from minor variations in the volu-
0.4 gram HO per gram of protein are common for ~metric fraction of TFE or the sample concentration.
most proteins. For highly charged short peptides like ~ Figure 4A shows that the precision of the measure-
those in the current study, which probably have fewer ments is very high. The two sets of data for peptide
‘buried’ groups than proteins, the hydration number Il in 30% TFEZH3/70% HO were recorded several
might be expected to be in the upper end of this range. days apart with different maximum strengths of dif-
Hydration values for these peptides calculated using fusion encoding gradients, favouring relatively faster
values given by Kuntz and Kauzmann (1974) are 0.46— diffusing species (TFE) and relatively slower diffusing
0.47. To allow for formation of the lactam bridge, the species (the peptide), respectively. Figure 4B shows
hydration of the charged Glu was replaced by that of the diffusion coefficients for peptidé in H20/2H,0
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Figure 5. Experimentally measured diffusion coefficients for pep-
tides Il (squares) andlll (circles) in both }jO/ZHZO and
TFE-2H3/H20 as a function of peptide concentration (expressed
as the monomeric molar concentration) and their straight line fits.
Values are the averages over a group of peaks across the spectrum
for two separate measurements, with error bars representing the
standard deviation.

relationships between peptide concentrationgnd
diffusion coefficient (D) were obtained after fitting the
data to a straight line (Lapham et al., 1997): in 10%

Figure 4. (A) Logarithmic (normalised) intensities of peptide 2H,0/90% H0O, D= 2.170—0.026¢ (peptidell ) and
(@) and dioxane ¢) versus the strength of diffusion encoding, ’

v?g%5%(A — 3/3), from two independent measurements. Mea- D = 2.266— 0.036¢ (peptidelll ), and in 30% TFE-

surements were taken several days apart with different maximum H3/70% HO, D= 1.112+0.012c (peptidell ) and D
strength of diffusion encoding to favour relatively faster diffusing = 1.193— 0.009¢ (peptidell ). The slight increase in

ffgecl:es I(T':'c‘:iv OPeb” Isymbo') t’?‘”dl S'E_Wef diffusing tiﬁecms ftpeP]; D at low peptide concentrations in water is consistent
rio(rellin’e;ro rS:greSgsTonot)(; I;etfljp;(i:o:elﬁor ;ﬂzssfc‘gﬁsednata :ert.e?;) SDE with the expectation that onver SOIUte_.C()ncemratlon
fusion coefficients of peptidél in HyO/2H,0, D = (2.15£0.03) would favour greater translational mobility, but it must
x 1019 m? s71, and in TFE2H3/H,0, D = (1.19£0.02) x be emphasised that the effect is small. In 30% TFE the
1019 m? s~1, obtained by fitting peak intensities to Equation 1 ~oncentration dependence is even less than in water,
for most well-resolved peaks across the spectra. . .

averaging to nearly zero over the two peptides.
and TFE2H3/H,0 obtained by fitting the peak inten-  Acetone, acetonitrile, dimethylsulfoxide and dioxane
sities of different resonances across the spectrum toas internal viscosity standards
Equation 1. Peaks with different linewidths and in- The ratios of the measured diffusion coefficients in
tensities all give the same values, indicating excellent water to those in aqueous TFE for these four low
internal consistency for a given peptide under these molecular weight solutes are plotted in Figure 6 as a
conditions. function of the volumetric fraction of trifluoroethanol

in TFE/H2O mixture. Deviations among these poten-
Effects of peptide concentration tial internal standards are clearly evident. Also plotted
In order to examine the effects of sample concen- in Figure 6 is the dependence of measured viscosity on
tration on molecular diffusion coefficients, measure- TFE content, taken from Schuck et al. (1998). In gen-
ments were carried out at several concentrations for eral, all four solutes diffuse more slowly in agqueous
two peptides. Figure 5 plots the experimentally mea- TFE than predicted by the independent viscosity mea-
sured diffusion coefficients versus concentration for surements, indicating that their diffusion behaviour is
peptidesll andlll in both water and aqueous TFE. influenced by factors other than the macroscopic vis-
Only marginal changes were evident in the diffusion cosity. Nevertheless, at low TFE concentrations the
coefficients of these peptides at lower concentration diffusion coefficient of acetonitrile matches the vis-
in either solvent, indicating that, over this solute cosity very well, and at higher TFE concentrations
concentration range, viscosity changes were not sig- it remains the best choice, even though it deviates
nificant and there was no dissociation of the peptide slightly from the viscosity curve. At these higher con-
dimer (see below) in aqueous TFE. The following
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Figure 6. Plots of experimentally measured ratios offly: DrrEg,/m,0 (right axis) at different volumetric fraction of trifluoroethanol in
TFE/H>O mixture for dioxane ©), acetone 4), acetonitrile ()) and dimethylsulfoxide[{). Previously published viscosities as a function of
TFE content (relative to water, left axis) at 20 are shown as filled dots, with the line representing its best fit to the fourth-order polynomial
equation (Schuck et al., 1998; see also Materials and methods).

centrations dimethylsulfoxide and dioxane are quite in comparison with those in water, in good agreement
poor monitors of macroscopic viscosity. with the ultracentrifugation results.

Assessment of NPY peptide self-association

Experimentally measured diffusion coefficients and Discussion

their corresponding values after corrections for the

peptide concentration and solvent viscosity are sum- Diffusion measurements are being used increasingly
marised in Table 1 for peptiddsll in water and to monitor self-association phenomena and confor-
30% TFE at 20C and pH 5.0. Apparent molecular mational changes in proteins. In this study we have
masses for the peptides, calculated from translational investigated whether this approach is also applica-
diffusion coefficients using Equation 4, are compared ble to peptides in the presence of trifluoroethanol, a
with values obtained from sedimentation equilibrium commonly used co-solventin structural studies of pep-
analyses in Table 2. The apparent mass obtained bytides. Defining the state of self-association of peptides
analytical ultracentrifugation for peptidd in water, under identical solution conditions to those used for
1340 (Table 2), is significantly lower than the expected the acquisition of NMR data to be used in structure
mass of 1699. This sample contained 50 mM NaCl calculations is particularly important in the case of
in an attempt to minimise non-ideality effects associ- peptides, where the number of long-range interactions
ated with the high positive charge of these peptides at is small (and in monomeric helical peptides usually
pH 5 (Monks et al., 1996), but it seems that this did zero). An incorrect assignment of long-range NOEs
not eliminate the effect. At a peptide concentration to intramolecular interactions, when in fact they arise
of 0.37 mM (1/10 that used for the data in Table 2), partly or wholly from intermolecular interactions in
an apparent mass of 1610 was obtained, which is an oligomeric state of the peptide, has the potential
in excellent agreement with the theoretical value and to produce incorrect structures. A good example of
confirms the contribution of non-ideality at the higher the importance of recognising self-association prior
concentration. A higher salt concentration was less ef- to structure calculations is provided by NPY itself,
fective at countering these effects, with an apparent which clearly forms a dimer under the solution condi-
mass of 1370 obtained at 3.7 mM peptide concentra- tions used for NMR structure determination (Cowley
tion and 150 mM NacCl. Based on our unpublished et al., 1992; Monks et al., 1996). Assignment of the
results on related peptides in aqueous TFE, we expectlong-range NOEs observed under these conditions to
the effects of non-ideality to be less pronounced in intramolecular interactions would suggest that NPY
this solvent. Thus, the apparent masses for peptides adopts a hairpin fold. This structure may exist under
andlll are consistent with dimer formation, although other solution conditions (Nordmann et al., 1999), and
the presence of a small fraction of trimer or tetramer even in the form bound to certain NPY receptor sub-
cannot be ruled out. In the absence of TFE the pep- types, butitis clearly not significantly populated under
tides are monomeric. The apparent masses calculatedhe conditions used for the structure determination.
from translational diffusion coefficients also show a The addition of trifluoroethanol to aqueous so-
substantial increase for all peptides in aqueous TFE lutions of peptides is often used to stabilise helical
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Table 1. Diffusion coefficients of peptides-Il in 109%2H,0/90% H,O and 30% TFE2-H3/7O% HO at 20°C and pH 5.0

In 10%2H,0/90% HO In 30% TFEZH3/70% H,0

a b Oc 0d a b Oc 0d
C D D D20,w C D D D20,w

(mM) (10 10mZs) (1019m%is)  (101%m2is) (mM)  (1019mZis)  (1010m2s) (10710 ms)

Peptidel 4.4 2.05+0.01 2.194+0.02 2.19+ 0.02 2.7 1.23+0.01 1.22+0.01 1.95+ 0.02
Peptidell 3.7 2.09+0.01 2.20+0.02 2.20+0.02 3.9 1.18+0.01 1.17+0.01 1.87+0.02
Peptidelll 3.7 2.16+ 0.02 2.27+0.02 2.27+0.02 2.7 1.19+ 0.01 1.18+0.01 1.894+0.02

aMonomeric molar concentration of peptide, calculated from the sample weight.

bpiffusion coefficient measured at given sample concentration and experimental conditions.

CExtrapolated diffusion coefficients at ‘zero concentration’. The following relationships were use@®b- 0.031c (in H,0) and D=
DO + 0.002¢ (in agueous TFE); these were obtained by averaging the experimentally determined concentration dependencies of peptides
Il andlll in each solvent (Figure 5).

dpiffusion coefficient at ‘zero concentration’ and expressed in terms of the standard solvent of watefCGit R0value of
1.002<1073 N s m~2 (water) was assumed for the viscosity of the sample in 26840/90% H0, and 1.60610~3 N s m~2 for
the viscosity of 30% TFI?Hg/Hzo at 20°C (Schuck et al., 1998, see also Materials and methods).

structure (Nelson and Kallenbach, 1986; Sénnichsen TFE compared with water. This is smaller than the de-
et al.,, 1992). It is generally assumed that the result- crease of about 25% expected upon dimerization in an
ing helical peptides are monomeric, but several recent ideal case (Teller et al., 1979; Altieri et al., 1995), but
studies show that this is not necessarily the case (Bar-is sufficient to permit the presence of self-association
den, 1995; Mulhern et al., 1995; MacPhee et al., to be recognised.
1997; Barnham et al., 1999) and it is also not true for Dioxane was used as an internal radius standard
the peptides investigated here. Thus, a reliable meansin a study of native and urea-denatured lysozyme by
of detecting self-association in peptides in water and PFGNMR diffusion measurements in order to avoid
TFE/water mixtures is important for structural studies the complexities arising from variations in solution
in these solvents. viscosity and temperature (Jones et al., 1997). Sev-
The results presented in this paper show that the eral small organic molecules, acetone, acetonitrile,
diffusion measurements are very reproducible and that dimethylsulfoxide and dioxane, were evaluated in the
consistent values are obtained from different reso- present study as monitors of the solution viscosity
nances in a given peptide. The concentration depen-upon addition of TFE. Although none of them fit-
dencies of the diffusion coefficient itself for two of ted the independently measured macroscopic viscosity
the peptides in water and aqueous TFE were minor. data of Schuck et al. (1998) perfectly, acetonitrile was
Somewhat surprisingly, the diffusion coefficient for clearly the best, and appears to be reliable at TFE
peptidel in aqueous TFE showed a significant time concentrations up to about 40% by volume. One lim-
dependence, with a constant value being reached onlyitation of acetonitrile is that its methyl resonance is
after 10 h at 20C. This implies that its dimerisation  close to those of acetate and methionine, and in the
in this solvent (see below) is very slow, and suggests present case, a reliable measurement of its diffusion
that time dependencies should be assessed when accueoefficient was not obtained due to overlap with the
rate diffusion coefficients are sought. Peptitleand resonance of the N-terminal acetyl group from the
Il showed no such time dependencies, even thoughpeptides. An increase of about 13% in the hydrody-
peptidell differs from peptidd only in a Leu to lle namic radius of peptiddll relative to DMSO was
substitution at position 31. found in agueous TFE compared with water, whereas
The measured diffusion coefficients for the three increases of only 7% were observed relative to dioxane
peptides are similar to one another in the same sol- and acetone.
vent, although there are significant differences be-  Another way of detecting molecular self-associa-
tween their values in water and aqueous TFE (Table 1). tion is to calculate the apparent molecular mass from
After corrections for peptide concentration and solu- their diffusion coefficients. The calculated molecu-
tion viscosity, the diffusion coefficients expressed in lar masses showed substantial increases in aqueous
terms of standard conditions (water at°ZX) show a TFE compared with water (Table 2). This was consis-
clear decline of about 16% for all peptides in aqueous tent with the results from sedimentation equilibrium
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Table 2.Masses of C-terminal NPY analogues calculated from PFGNMR measurements of
molecular self-diffusion and sedimentation equilibrium data in 1%]‘}’20/90% HO and 30%

TFE-2H3/70% H,0 at 20°C and pH 5.0

In 10%2H,0/90% HO

In 30% TFE2H3/70% H,O

b b
MW?IMR MWNMR MW%E MW?\‘IMR |VIVVNMR MW%E
Peptidel (1770f 2330 1911 - 2620 2685 3300
Peptidell (1770f' 2199 1886 - 2968 3044 -
Peptidelll (1699 1992 1716 1340 2893 2968 3700

aapparent molecular mass calculated using Equation 4 from diffusion coefficients measured by
PFGNMR (Table 1). Values for all other physical quantities used in the calculation are given in

the text.

Mass obtained using extrapolated diffusion coefficients at ‘zero concentration’.

CApparent molecular mass calculated using values from sedimentation equilibrium runs.
Monomer mass calculated from the amino acid composition.

€A duplicate experiment gave a value of 1270, confirming that the experimental error is small. At
one tenth this peptide concentration, i.e. 0.37 mM, a value of 1610 was obtained, while at 3.7 mM,
increasing the NaCl concentration to 150 mM gave 1370.

analyses and implies significant self-association in viscosity is probably the major potential source of er-
aqueous TFE. Despite this general agreement, discrep+or. For example, using the viscosity ob& as an
ancies were evident between the masses calculatedapproximation for that of HO/2H,O mixture is likely
from diffusion constants and those from sedimenta- to slightly undervalue this parameter, sindg,O is

tion equilibrium, as well as with the theoretical val-

more viscous than $O (Natarajan, 1989). In addition,

ues for monomer and dimer (Table 2). The apparent the value of 1.606& 102 N s mi~2 for the viscosity of
masses of the peptides in water are 18-32% larger 30% TFE2H,0/70% HO used in the present study

than their theoretical monomeric values without cor-

may be slightly overvalued, which could explain why

rection for the effects of sample concentration, but the calculated masses for these peptides in TFE/water
in much better agreement after extrapolation of the were less than the theoretical values for dimers.

diffusion coefficients to ‘zero concentration’. On the

The shape-factor, F, represents another source of

other hand, as only marginal changes were observeduncertainty. In aqueous TFE this was estimated from

as a function of concentration in TFiE3/H,0, only
very minor improvements were obtained when diffu-
sion coefficients in this solvent were extrapolated to
‘zero concentration’.

As can be seen from Equation 4, M is propor-
tional to the inverse cube of the diffusion coefficient
(D), viscosity §), shape-factor (F) and temperature
(T). Minor errors or uncertainties associated with D,
n and F could therefore result in a significant error in
the apparent mass. A calibration error of up to 2% in
the strength of B field gradient has been noted previ-
ously (Doran and Décorps, 1995), which will lead to
a 4% error in the diffusion coefficient and eventually

the NMR structure of the monomeric peptide unit,
whereas the sedimentation equilibrium results clearly
suggest that the peptides exist as dimers in this solvent.
This shape-factor can vary significantly depending on
the details of dimer formation. Figure 7 shows the the-
oretical ratio Kimer:Fmonomerusing a prolate ellipsoid
model and two extreme models of dimer formation
(see Equation 5a). It is clear that the actual F value
for a dimer might take any value between the solid
line, representing a ‘side-by-side’ dimer and the dotted
line, representing an ‘end-to-end’ dimer. The peptides
investigated here are more likely to resemble ‘side-
by-side’ dimers, as in full length NPY (Monks et al.,

a 12% error in the mass calculation. In the present 1996). This type of dimerisation of monomers with
study, considerable attention was paid to calibration of an axial ratio of 0.55 will lead to a structure better

the B field gradient strength and a systematic offset

was not evident in the calculated masses (Table 2),
so errors in the calculated masses arising from un-

certainties in the diffusion coefficient, D, are likely
to be less significant than those from the viscosity,

modelled as an oblate rather than a prolate ellipsoid,
with p = 1.91 and F= 1.036. This value for F is

actually very close to that used in the present calcu-
lation, as estimated from the structure of a single unit.
This implies that uncertainty in the shape-factor, F, is

1, or the shape-factor, F. The value for the solvents unlikely to be a major source of error in the masses
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this will make diffusion measurements a very impor-
14 8 Paner = 05 B tant adjunct to the suite of NMR experiments used to
‘ ) / determine their solution structures.

F/F
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