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NMR relaxation-derived spectral densities provide information
on molecular and internal motions occurring on the picosecond to
nanosecond time scales. Using “C and N NMR relaxation pa-
rameters [T, T,, and NOE] acquired at four Larmor frequencies
(for ®C: 62.5, 125, 150, and 200 MHz), spectral densities J(0),
J(wc), Hwn), oy + o), I(wy — wc), I(wy), I(wy + @), and
J(wy — wy) were derived as a function of frequency for *NH,
¥C,H, and “C4H; groups of an alanine residue in an a-helix-
forming peptide. This extensive relaxation data set has allowed
derivation of highly defined C and N spectral density maps.
Using Monte Carlo minimization, these maps were fit to a spectral
density function of three Lorentzian terms having six motional
parameters: T, T, T, Co, C;, and c,, where 7, 7, and 7, are
correlation times for overall tumbling and for slower and faster
internal motions, and c,, ¢,, and ¢, are their weighting coefficients.
Analysis of the high-frequency portion of these maps was partic-
ularly informative, especially when deriving motional parameters
of the side-chain methyl group for which the order parameter is
very small and overall tumbling motions do not dominate the
spectral density function. Overall correlation times, 7, are found
to be in nanosecond range, consistent with values determined
using the Lipari-Szabo model-free approach. Internal motional
correlation times range from picoseconds for methyl group rota-
tion to nanoseconds for backbone N-H, C,-H, and C,-C; bond
motions. General application of this approach will allow greater
insight into the internal motions in peptides and proteins. © 2000
Academic Press
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INTRODUCTION
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the most comprehensive picture of motional amplitudes an
frequencies in a protein. An ever increasing number of expel
imental NMR relaxation parameters, e.g. spin—lattice and spin
spin relaxation rates, nuclear Overhauser efféd@multiplet
relaxation, dynamics of various spin order, and relaxatiol
experiments in the rotating frame, can be obtained for pract
cally hundreds of°C and N nuclei in a peptide or protein
(1-5. Most often, such relaxation data are analyzed to deriv
motional amplitudes of various vectors within a molecule. This
is generally accomplished by using some motional madgjebi
one of the model-free approaches of King and Jardetgky (
Lipari and Szabo7®), or Cloreet al. (8), all of which assume
overall tumbling of an isotropic molecule.

Model-free approaches are usually parameterized with thre
or four terms: a correlation time for overall molecular tum-
bling, 75, one or two correlation times for internal motions,
and an order paramete®’. The order parameter provides an
index of internal motional restriction and can be expressed i
terms of motional amplitude (angular variance), which is more
physically meaningful §). Usually such analyses of NMR
relaxation data generate accurate, or nearly accurate if anis
tropic molecular motions are involved, values only for the
overall tumbling correlation time and the order parameter
Internal motional correlation times, however, are normally no
accurately determined using these approaches. This is esj
cially true when relaxation data are acquired at only on
magnetic field. Most often, internal motional correlation times
fall in the range 10 to 100 ps. In reality, internal motions occul
on a much broader time scale. Usitfiy NMR relaxation data,
Cloreet al. (9) found that 32 residues of the protein interleu-

Ever since it was realized that proteins, and biomoleculeskin-13 display motions on a time scale of 0.5 to 4 ns, slightly
general, are not static, but are highly internally flexible systentess than the overall molecular rotational correlation time o
of atoms or groups of atoms, attempts have been made8t8 ns. Internal motions occurring on the nanosecond tim
develop approaches to derive information on the amplitudssale have also been observed using other technigues. With 1
and frequencies of internal motions. NMR relaxation waseptide melittin, for example, analysis of fluorescence dat
recognized early on as having the greatest potential to proviésealed anisotropic internal motions of the single tryptophal
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on a time scale of 0.14 to 0.72 nK0j. More recently, Tamura
et al. (11) used solid state deuterium NMR to demonstrate tha
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the methyl group axes of three methionines in$tieeptomyces pH 6 by adding microliter quantities of NaOD or DCI. NMR
subtilisin inhibitor protein undergo internal motions with corfelaxation experiments were performed on Varian Inova-50(
relation times between 0.1 and 10 ns. 600, and 800 NMR spectrometers equipped with triple-resc
By acquiring NMR relaxation data as a function of th@ance probes and on a Bruker AM-250 NMR spectrometel
Larmor precession frequency, i.e., at multiple magnetic fiethe temperature was calibrated by using chemical-shift differ
strengths, numerous spectral density functions liK®), ences of resonances from methanol.
Jwecon), Hwy), (wy + wcon), andI(wy — wcqon) Can be 3C spin—lattice relaxation rates were determined by usini
derived, and these are plotted as spectral density mi{as)[ the direct homonuclear inversion-recovery method using
vs w] (4, 12. Spectral density mapping, in particular, has theomposite 180° pulse ($6183G-9C). In all experiments,
potential to provide a complete picture of motional frequenciésoadbandH-decoupling GARP 15) was used. The number
occurring in the picosecond to nanosecond range, for a mult- acquisitions was chosen to give a signal-to-noise rati
tude of bond vectors in a protein or biomolecule in generajreater than 10. Therefore, the number of transients varie
While spectral density mapping has been used by some lafbsm 200 to 1000. Ten to fifteen time-incremented (partially
detailed information on internal motional frequencies has natlaxed) spectra were routinely acquired for each relaxatio
been forthcoming due to the limited number of relaxation ternmeasurement. Relaxation rates were determined by the meth
that had been acquired at one or two magnetic fields. described in 16). *C—{*H} NOE coefficients were measured
Here, ®C and N NMR relaxation measurements wereby using the standard gated decoupling technique.
performed at four magnetic fields and spectral density mapping®N spin—lattice and spin—spin relaxation rates were -mee
was done with an 18-residue peptide GFSKAELAKARAAsured using versions of the HSQC pulse sequence as descrik
KRGGY, which at low temperature (5°C) forms anhelical by Farrowet al. (17). The HSQC sequence employs pulsed
structure stabilized by a hydrophobic staple motif3)( field gradients for the coherence transfer pathway wherek
To investigate motional frequencies of a residue within thmagnetization passes frothl to *°N and back again toH for
a-helix domain of this peptide'®C/**N isotopically enriched observation and uses the water flip-back technique to minimiz
alanine was incorporated synthetically, ai@/*®N NMR re- water saturation during the experiment. Following magnetiza
laxation experimentsT,, T,, and NOE) were performed attion transfer from'H to N (INEPT), the N spin state
four magnetic field strengths®C frequencies of 62.5, 125, population difference is increased, and spin—lattice relaxatio
150, and 200 MHz). This extensive relaxation data set hascurs during the subsequent time delay prior to magnetizatic
allowed derivation of the most complete and accut¥e and transfer from™N back to 'H for detection. For spin—spin
®NH spectral density maps to date. Spectral density maps westaxation, the CPMG pulse sequenegsfc = 0.45 ms) was
analyzed using a novel approach. Using Monte Carlo minimeémployed between INEPT transfer steps. To suppress cros
zation, this procedure directly fits the map to a spectral densigrrelation effects betweeltd—"°N dipoles and”N chemical-
function expressed in three Lorentzian terms and parametshift anisotropy relaxation mechanism&7£19, "H 180°
ized with six motional parameters;, 7., 7,, Co, C;, andc,, shaped pulses (cosine-modulated rectangul2) énd alter-
wherer,, 7;, andr, are correlation times for overall tumblingnating phase 180*H pulses synchronized with the CPMG
and for slower and faster internal motions, respectively,@nd pulse sequence were applied during spin—lattice and spin—sf
c., C, are their weighting coefficients. The time scale ofelaxation delays, respectively, as described by Fambwal.
internal motions was found to vary from picoseconds to nan(k7).
seconds. 3C spin—spin (transverse) relaxation rates were also- me,
sured by using the CPMG-HSQC method7) described
MATERIALS AND METHODS above, with some modifications. Since edd® nucleus in a
given residue has at least of¥ neighbor, homonucleak
Using standard Fmoc solid-phase methodology on eitheccaupling causes modulation of the spin-echo decly-23,
Milligen or Millipore Excell automatic peptide synthesizerthus preventing an accurate measurement offtheslaxation
(14), a peptide having the amino acid sequence GF8&me by using the CPMG pulse sequence. Using soft rectang
KAELAKARAAKRGGY was synthesized with &°C/**N-en- lar pulses (714 to 1250 Hz) applied at the resonance frequen
riched alanine (CIL, Cambridge) at position 10. The peptidef a given™*C nucleus and a short pulse delay, = 0.45
was purified by HPLC on a C18 Bondclone (Phenomener)s) in the CPMG pulse train eliminated effects frantou-
column using a linear acetonitrile/water gradient. Peptide pping and permitted the measurement of smooth transver:
rity was checked by analytical HPLC and mass spectrometmiagnetization decay curves. During the relaxation period, th
For NMR measurements, the freeze-dried peptide was disoadband decoupling WALTZ schem24] was used. Even
solved in DO for **C relaxation measurements and in 804 though these modifications require performing separate expe
D,0 (90/10) mixture for®N relaxation measurements. Théments for each nucleus in the sample and increases the me
peptide concentration, determined from the dry weight surementtime, more reliable and accurate transverse relaxati
freeze-dried samples, was 15 mg/ml. The pH was adjustedd@ta were achieved.
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Steady-state H-""N} and {'H-"°C} NOEs were deter all the NMR frequencies for which data were available. By
mined from spectra recorded in the presence and absenceisihg the following properties of spectral densities, errors ir
proton saturation1(7). Saturation was achieved by applyinghe Monte Carlo minimization procedure were substantially
120° 'H pulses every 5 ms during the 5-s preparation periogdduced:

(25). In the absence of proton saturation, the relaxation delay

(preparation period) was 10 s. This relatively long relaxation J(w) < J(0) [3a]
delay was sufficient to avoid saturation transfer from water to )

amide protonsZ6). Five sets of spectra were recorded in this Jw) < ey if 0;> o (3b]
way, and NOE data were averaged. Il I(w) < (o]w)? [3¢c]

Spectral densities at different frequencies were determined
using a Monte Carlo minimization protocol which minimized ® T
the function (6) f J(w)do = 5. [3d]
0

X2 = E [(Wilexp_ Wi:Ltheov)/WileXp]Z i . . . .
i This last condition establishes the criteridiJ(w;,)Aw; >

: , 1o 72, for dismissing poor minimization runs.

+ [(WZExp_ W2theo>/W2ex;;|

+ [(NOE,, = NOEj,,)/NOE,]?, [1] THEORETICAL CONSIDERATIONS
where Wi, W, and NOE.,, are the experimental values Spectral_ densitied(w), can be written in general as the sum
andW. oo, Whineoy andNOES., are the calculated values of the®f Lorentzian terms
NMR relaxation parameters which can be expressed in terms of
spectral densities, N i

Hw) =2 1+ (wr)? (4]

i=0

1
W, = 10 Kad J(wc — o) + 3I(we) + 6J(wc + wy)]
wherec; are weighting coefficients with

+ 3 Ao2wil(wo) [2a]
15 C C N
1 E ¢ =1 (5]
W, = 20 Ka[ J(wc — wy) + 3I(we) i=0
+ 6J(we + wy) + 4J(0) + 6J(wy) ] For complicated motions, the number of terddsan be very
1 large. The corresponding correlation function is expressed a
+ 15 Ac?w?[4J(0) + 3)(wc)] + Wey [2b]
N
1 vy ke 6d(wc + 0y) — Iwc — )] _ —t/r
NOE=— " . [2c C(t)y= > ce " (6]
10 vc W, [2c] i=0

_ 2 2327,.6 . : 5 . . . . .
wherekqyg = Nycyili“/T e ve, yu are the magnetogyric ratios por jsotropic molecular tumbling and a single term to describy

for *C and'H nuclei; # is the Plank's constant,c, is the gl internal motionsC(t) can be approximated by the Lipari—
length of the CH bond; andh is the number of attached szapg equation]

protons. These equations have been expressedGanuclei;
similar equations can be written fGiN. Chemical-shift aniset oy 2 At/

. C(t) =S%e "+ (1 — S9)e", 7
ropy, Ao, was estimated to be 160 ppm forN and—25 ppm ® ( ) 71
for *C (2). In any event, contributions frofiC CSA are much . _
smaller than contributions frofiC—H dipole—dipole interac Vheres' is the Wellll-knO\évlp orderdpzirame/te:ro is the cqrrr]ela
tions even at the high field<5%) (2). Therefore, this contri- 1o time for overall tumbling, and = 7o7/(7, + 7,) with 7,
bution was neglected during data analysis. For,@Hd CH being the correlation time for internal bond rotations.
groups, equations for the NOE are more complicatsd ( With the addition of a second term to describe interna
During minimization, it was taken into account that the chenf©tions,C(t) can be approximated by
ical exchange termW,,, is proportional to the Larmor fre / .y , /
quency squared. The summation in Eq. [1] was performed over C(t) = e '*S? + (1 — Sf)e"™ + (S} — S?)e'™ [§]
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with 7o = 77:/(70 + 71) and T = 707/ (70 + 7). T, @nd T are  parameters, acquiring relaxation data at four magnetic fielc
correlation times for relatively fast and slow internal motionsllows highly accurate spectral density maps to be determine
S? is the order parameter for fast internal motions. This later approach is used here.

For anisotropic molecular tumblingC(t) becomes very
complicated even when considering only one term to describe ANALYSIS OF SPECTRAL DENSITY FUNCTIONS
all internal motions. A single-order parameter cannot com-
pletely characterize internal motional restrictior®7)( For Initially, analysis of the high-frequency region of spectral
overall tumbling of a symmetric tof;(t) can be written for a densities was performed. At high frequencies wheielarge,
given motional vectoa as spectral density terms(1 + »°7°) are reduced to 14(*7) and
the spectral density function (Eq. [3] in three terms) can be
expressed as

Cot) = 2 [S%m + (X2 — yDém + (1 — SA)éps o en 1 .
0 1) 2T2 [11]

m-o J(w)z(+ SRR L -
+ <X2 _ y2>§m4)e—t/7]e—Dmt [9] To T1) @ 1+ (Tzw)

When the curve of(w) vs 1k’ is linear, @7,)> < 1 and the

with the diffusion coefficient®,, being third term in Eq. [11] can be approximated &s,, yielding

D,=6D, + (D,— D,)m? [10] -

J(w) = ( + ) iz + C,7o [12]
Here,D, andD , are rotational diffusion coefficients for rota o T/

tions about the molecular symmetry axis and about an axis that . L

is perpendicular to that symmetry axis, respectively. CoeffT— e slope of this linear line is equal too( 7o + C./71), and the

cients¢,, depend upon the orientation of vectmithin the Y-axis Intercept Is equal 10,72. . :
molecular frame%), S is identical to the order parameter for At the highest field used in these relaxation experiments, th

isotropic overall tumbling, and is the correlation time for upper fr_equenc_:y .I|m|t fod(w), e, (w”.+ ®c), IS abOL.Jt ;OOO
internal motions. The parametéx? — y?) is the second MHz. Since this is the nanosecond time scale, deviation fror

; o ”- )
restriction parameter used to describe the anisotropy of interh??amy in curves of)(w) vs 1" is expected when, falls in

bond rotationsx andy are projections of the unit motional € range 100 tp 300 ps. m. this case, the curve may t
vector a onto the plane that is perpendicular to the avera&pproxmated using a parabolic curve such that
position of vectora in the molecular frame. In this plane, the
y axis runs perpendicular to the plarig,( (a(t))) whereZ, is I(X) =~ yry + (CO i Cl>x _ (CO n Cl) 2 [13]
the symmetry axis of the molecular (diffusion) frame and 2z To T I VA
(a(t)) is the average position of motional vectorS’ is related
to (X + y* asS = 1 — 3(x* + y?) (27). Therefore, for overall wherex = 1/w®. To exemplify this, consider the case where
tumbling of a symmetric top, only two restriction parametérd, 7, = 2 ns,c, = 0.7, 7, = 0.3 ns,c; = 0.15,7, = 20 ps,
and(y?), are required to describe internal motions. andc, = 0.15.Figure 1plots calculated values f@(w) using
These examples demonstrate the complexity of interpretifg. [4] with three Lorentzians and no approximations (filled-in
NMR relaxation data. Using the Lipari-Szabo model-free apircles) and Eq. [13] (open circles). For frequencies greate
proach can lead to significant inaccuracies in deriving internthlan 800 MHz, the difference between these curves is minims
motional parameters. There are two ways to minimize suend the parabolic approximation yieldsr, (Y-axis intercept)
errors. One is to use a more complex motional model thatth excellent accuracy. Therefore, use of Eq. [13] provides a
contains as few motional parameters as possible. For anisotpportunity to estimate internal correlation times for motions
pic overall tumbling, the normally required 23 parametersccurring on a relatively fast time scale. This approach is o
required to describe the 12 Lorentzian terms in Eq. [9] can lparticular advantage in analyzing internal motions of methy
reduced to 5 parametei3;, D ,, (x*), {y*), andr. The second groups for which the coefficients andc, are small and, is
way is to directly analyze the complete spectral density majose to 1.
(4, 12 that has been derived from NMR relaxation parametersThe full spectral density maps were then fitted to Eq. [3]
acquired at different magnetic fields. Only considerif@-H with three Lorentzian terms using Monte Carlo minimization to
dipole—dipole interactions, relaxation rates and NOEs deteetermine the six motional parameters; 7., 7,, Co, C;, and
mined at each magnetic field can be described in terms @f 7, 7,, andr, are correlation times for overall tumbling and
spectral densities at five frequencie§0), J(wc), J(wc — for slower and faster internal motions, respectively, and th
wy), J(we + wy), andJ(wy). Even though the number of sum of weighting coefficients, + ¢, + ¢, = 1. For isotropic
spectral densities is larger than the number of experimentablecular motiong, is the Lipari-Szabo order parame.
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FIG. 1. The high-frequency region of the spectral density map has been
calculated using a spectral density function expressed in three LorentziafrlG. 2. The temperature and frequency dependence of spin-lattice ar
terms. Filled-in circles are the results of calculations using Eq. [4], and op&Rin-spin relaxation rate®/, andW,, respectively, are shown fofC,, *C,
circles are the result of calculations using Eq. [13]. In either case, calculatigtzd **N nuclei of alanine A10 in thex-helical region of the peptide. Experi

were made withr, = 2000 ps,r; = 300 ps,7, = 20 ps,c, = 0.7, andc; = mental errors determined from linear regression fits to the relaxation curves a
¢, = 0.15.Solid lines result from fitting with a parabolic curve. less than 5 to 10% as exemplified by error bars shown for a few data points
the figure.

In the fitting procedure;, was calculated from, = 1 — ¢, —
c,; therefore only five parameters had to be determined. Pr
to minimization, initial values for, andc, were derived using

using Monte Carlo minimization as described in the previou:
ction. Spectral density maps are shown in Fig. 310(H,
“CzH, and **NH of A10. At low and high frequencies, errors

L 0T :
the Llparl—Szab_o ,a_lpr)m?(:h with = S, gnd fc()jr;he aIa;mpe are estimated to be 0.5 and 3%, respectively. The accuracy
C,H, group, an initial value for, was estimated by ana YZIN9these spectral density functions is well within the size of the

the spectral density map at high_ fr.equencies to derive tf;e fig bols shown, with the main source of errotliw,) arising
term in Eq. [13], which is th&/-axis intercept 08(w) vs 1b”.  gqn, experimental errors in the relaxation parameters.

Si.nce for methyl groupss, is close to 1, can be.d(_ete.rmi.ned. At zero frequency, the spectral densi) for the NH bond
fairly accurately using this approach. During minimization, s slightly larger than that for the & bond. This most likely
was assumed thatQ 7, < 7, < 7,, and for the methyl group, results from anisotropic molecular motion. At 5°C, this peptide

it was known that, h?‘d to be in the range & Co < 0.11. is about 50% helical with the helix (determined by analysis o
The number of steps in the Monte Carlo calculation was more

than 5x 10°. Errors were estimated by determining values for

J(w) based on spin-lattice and spin—spin relaxation rates and
NOEs acquired at four magnetic fieldd frequencies of 62.5, 10° 5 NH
125, 150, and 200 MHz). These relaxation rates were calcu- ]
lated by approximating the spectral density function in Eq. [3]

with three Lorentzian terms as described above. Using this E
procedureJ(0) was determined with an accuracy of 0.3%, and ]

J(w) at high frequency had an accuracy of 3 to 5%. In this regard, 10° :\Q{M C,H
\D\C\Q\a\_o

the main source of error if{w) arose from errors in experimental 2 0]
parameters and not from the minimization procedure. < -
RESULTS AND DISCUSSION 2]
10 CH
For *C/*N-enriched A10 in thea-helix-forming peptide 1077 4 o o
GFSKAELAKARAAKRGGY (13), spin—lattice T,) and o] e

spin—spin T,) relaxation times and heteronuclear NOEs were 0 1m0 2010 BAC 4x10°7 5KI0° 6x10° Tx1?
measured at four Larmor precession frequenci&s frequen
cies of 62.5, 125, 150, and 200 MHz) and at temperatures of 5,

. . . HT 13, 13, .

15, and 30°C. Some of these relaxation data are plotted in Figf'>: 3. Spectral densiies foPNH, *C,H, and *C,H bonds of alanine
2 to show the quality of the data. With these relaxation rat A10 in thea-helical peptide at 5°C are plotted versus frequency. Solid lines ar
q Yy ) etﬁe result of directly fitting the spectral density maps with a spectral densit
spectral densitied(0), J(wc), J(wn), (wy + wc), (@ —  function having three Lorentzian terms parameterized with six motional pa

we), J(wy), oy + wy), andI(w, — wy) were determined rameters as discussed in the text.

w, rad/s
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1.5¢10™ j symmetry axis, i.e., the &C,; bond. The coefficient 1/9 sub
oy 5. stantially reduces the contribution from overall molecular tum:
§ *./,)% . = bling and the terms with, andr, dominate the spectral density
S0K0T ] e NH function. Qualitatively, this explains the differences in the
00 ; v behavior of GH, NH, and GH spectral densities shown in Fig.
0.0 5.0x10% 1.0x10°™"° 1.5x107

4. For the methyl group, therefore, analysis of this high
frequency region using Egs. [12] or [13] allows initial esti-

1.5x10™ -

® ]
B 101071 mates ofr, for use in fitting the complete spectral density map.
® soxio” Using initial estimates fot, andc, [for C,, Cgz and NH]
00 . . derived using the L|par|—Szabp approadh &s well as esti-
00 1.0x10" 2.0x10°" 3.0x10° mates forr,, 7,, ¢;, andc, derived for the methyl group as

s0c10" ] described above, coefficients, c,, ¢, and correlation times

s0x10™ ] ﬁ Te» T1, T, Were determined by fitting the complete spectral
300" > density maps in Fig. 3 with the three Lorentzian approximatior
wed CH of Eq. [3] using Monte Carlo minimization. These fits are
.Ox’ = B

0.0 ] : : shown as solid lines in Fig. 3, and derived motional parametel
oo 10007 20x10 3.0x10™ at 5 and 30°C are presented in Table 1. As expected, tt
16", (sirad)’ correlation time for overall tumblingy, fell in the 2.5 ns range
FIG. 4. The high-frequency region of spectral density maps ‘feH, at 5°C and decreased to 1 to 1.8 ns at 30°C. Morea¢eior
*C,H, and®C,;H have been plotted aw) vs Liw”. Data for three temper NH and GH is between 0.55 and 0.8 at either temperature
atures are shown: 5°C (filled-in squares), 15°C (filled-in circles), and 30 8emember that in the Lipari-Szab®) (and Cloreet al. (8)

(open squares). Solid lines are the result of directly fitting the spectral denﬁ%tro ic motional models;, is the order aramete&?. These
maps with a spectral density function having three Lorentzian terms parame- P 0 P )

terized with six motional parameters as discussed in the text. values for, and ¢, prOVide increased confidence that this
analytical approach can yield reasonable and meaningful co
relation times and weighting coefficients. This conclusion is
'H NOEs and computational modeling) running from A5 tdurther supported by values derived fey and ¢, for the
A13 (13). The shape of the peptide in this folded state is bettalanine GH; group. These faster motion terms should be
approximated as a cylinder rather than a sphere. In the helissociated with methyl group rotations about the-©, bond
conformation, the angle that the A10 NH bond makes witind would be expected to dominate the spectral density fun
respect to the main axis of the helix is, on average, 1ifon for the methyl carbon. As shown in Tabled,, for C;H,
whereas the angle that thelbond makes with respect to theis the largest of the three weighting coefficients, apnthlls in
main axis of the helix is 58°. In this regard, the NH bond ithe very fast motion range of 10 ps.
nearly parallel to the helix dipole axis making its correlation Of greater note, however, are values derived for motione
time somewhat longer than that of thelCbond. The ratio of correlation timesr, (Table 1). Analyses using standard mo
J(0) for *®*NH to J(0) for *C,H is 1.1 to 1.2 and is fairly stable tional models, like those of Lipari-Szab®)(and Cloreet al.
showing little temperature dependence from 5 to 30°C. (8), and NMR relaxation data acquired at a single magneti
The high-frequency regions of these spectral density furfield usually yield inaccurate, internal motional correlation
tions are plotted in Fig. 4 aw) vs 1k’ at three temperatures.times under 100 ps. For this helical peptide at 5*Cyalues
The solid line fits are the result of parabolic approximation agven in Table 1 are near-nanosecond. However, since tt
described in the previous section. Differences betwegd Cstructured peptide is not spherical, molecular anisotropy ma
and NH spectral densities are apparent. At lower temperateantribute to these, values. To assess the contribution from
(5°C), the curvel(w) vs liw® for the NH bond is less linear molecular anisotropy tor;, an anisotropic motional model
than that for the ¢H bond. This indicates that NH bondinitially formulated by Favro Z8) and expressed for NMR
motional correlation times, and 7, are larger than those for relaxation data by Woessnez9) and later modified by Hunt-
the C,H bond. At 30°C, the effect is reversed and nonlinearitsess 80) was employed. Using the ratio of components of the
is greater for CH. Over this same high-frequency rangerotational diffusion tensor, which for this helical peptide was
spectral densities for {1 are even more nonlinear and-deestimated by the Kirkwood-Steel-Huntress the&jyt¢ be 2.7
crease, not increase, with increasing temperature. Fbt, C (the value for a symmetric top), the Woessner symmetric to
linearity in J(w) vs lk® is observed only at the highestmodel for anisotropic tumbling3Q) yieldedr, ~ 0.757,. The
frequencies. These differences are related to the fact that ¥atue of 7,/7, (=0.75) is much larger than that determined
methyl group GH bonds, contributions from slower motionsexperimentally. For NH7,/7, = 0.3 at 5°C and 0.55 at 30°C.
are relatively minimal because the order parameter for ther C,H, 7,/7, = 0.13 at 5°C and 0.55 at 30°C. Sinegr, is
methyl CH bonds can be expressedsas= 1/9S%., whereSz.  smaller at lower temperature where the peptide is more stru
is the order parameter for fluctuations of the methyl groupred, molecular anisotropy, if anything, should contribute
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TABLE 1
Overall and Internal Motional Correlation Times and Weighting Parameters: 7,, 71, 72, Co, C;, and ¢,

Bond To Co Ty C, T, C,

Temperature, 5°C

C.H 2300 200 0.8 0.1 300+ 200 0.1 +0.05 50+ 30 0.1 =0.05
CgH 2000 300 0.06= 0.02 300= 200 0.09+ 0.06 8+ 2 0.8 =0.1
NH 2600+ 300 0.55+ 0.1 800+ 300 0.15+ 0.1 300+ 150 0.3 £0.15

Temperature, 30°C

C.H 1100+ 100 0.55+ 0.07 600=£ 200 0.1 +£0.05 30+ 20 0.35+ 0.1
CgH 1800 400 0.04+ 0.01 500= 200 0.09+ 0.06 4+ 1 0.85* 0.05
NH 1100= 300 0.6 £0.1 600= 200 0.1 =0.05 200 100 0.3 £0.15

Note.,, 71, andr, are correlation times for overall tumbling and for slower and faster internal motions;,ang, andc, are their weighting coefficients.
These terms result from the use of Monte Carlo minimization to directly fit spectral density maps with a spectral density function expressedrientizies Lo
terms parameterized with these six motional parameters. Data are givENIfgr'°C,H, and *C;H of alanine A10 in am-helix-forming peptide at 5 and at
30°C.

more to the ratior,/7,, and it does not. This indicates that highly reduced at the higher temperature. This observation th
arises primarily from internal motions. In addition, coefficientsternal motions in this less folded state still occur on the sam
from the Woessner model contain i) and siff(6) terms.# nanosecond time scale as in the more folded state supports 1
is the angle between a given bond vector and the symmeitiga that at 30°C, the peptide exists in a collapsed, yet highl
axis of the helix. Particularly for an NH bond in anhelix, this transient, state3d, 35.

angle is small, making these sine terms and coefficients ex-

tremely small such that contributions from molecular anisot- CONCLUSIONS

ropy become negligible. Together, these arguments indicate

that correlation timesr, and 7, are mostly attributable to  NMR relaxation data ‘fCH and ®NH T,, T,, and NOE)
internal motions and not to anisotropic overall tumbling.  acquired at four magnetic field strengths have allowed deriv
For this helical peptider, values for both backbone.EH tion of the most complete and accurdt€,H and ®NH spee
and N-H bond vectors are in the range 0.4 to 0.8 ns (Table &}l density maps reported to date on any biomolecule. Dire
Moreover, sincer, for C;,H is essentially the same as that fofits to these spectral density maps, moreover, have provide
C.H, it can be interpreted as the correlation time fo-C,  unique information on near-nanosecond internal motions c
bond fluctuations. This means that all three motional vectasgckbone bonds in am-helix-forming peptide. In general,
[N-H, C,-H, and CG-Cg], originating from backbone posi spectral density mapping should be more informative for large
tions, display essentially the same values within error. peptides where the decay due to overall tumbling will be les

Although the physical nature of these slow fluctuations @fffective at higher frequencies and internal motions can b
backbone groups is unknown, the nanosecond time scalestigdied in greater detail.

consistent with the occurrence of larger amplitude and/or more
complicated, concerted motions. An upper limit to the time
scale for such motions may be taken as the peptide folding—
unfolding event, which ranges from tenths of microseconds forrhis work was supported by research grants from the National Scienc
a helical peptide to microseconds for @&hairpin peptide Foundation (MCB-9729539) and the National Institutes of Health
(31, 32. Being two to three orders in magnitude smaller tha®M-58005). NMR instrumentation was made possible with funds from the
thiS, theseTl values are probably the result of |0ca.|, ConcertelaSF (BIR-961477) and the University of Minnesota Medical School.
motions involving multiple bond rotations, like correlatédys

bond rotations33). Note also that, for the NH group is also REFERENCES
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