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Abstract: De novo protein design enables systematic exploration of the relationship between the amino acid
sequences, conformations, and thermodynamics of proteins. The polypejRitea de novo designed dimeric
four-helix bundle with a native-like three-dimensional structure [Hill, R. B.; DeGrado, W. Am. Chem.
So0c.1998 120, 1138-1145]. The roles of intramolecular conformational dynamics and folding kinetics in
determining the equilibrium properties @D have been investigated using novel NMR spin relaxation methods.

To facilitate these experiments, the four leucine residues imtBemonomer were labeled specifically with

13C at the @ position. Reduced spectral densities [Farrow, N. A.; Zhang, O.; Szabo, A.; Torchia, D. A.; Kay,

L. E. J. Biomol. NMR1995 6, 153-162] were obtained from spin relaxation data recorded at four static
magnetic fields and were interpreted using the model-free formalism [Lipari, G.; SzaBboAf. Chem. Soc.

1982 104, 4546-4559]. Generally, the backbone mobility @D is typical of natural proteins. High®order
parameters indicate that motions are restricted on the picosecond to nanosecond time scale. Slightly lower
order parameters and longer internal correlation times are observed for the most N-terminal and C-terminal
sites. Chemical exchange linebroadening is manifest for all ledétfespins and results from the folding
equilibrium ofa,D. The chemical exchange process was characterized using the relaxation-compensated Carr
Purcel-Meiboom-Gill experiment [Loria, J. P.; Rance, M.; Palmer, A. G., 1l.Am. Chem. S04999 121,
2331-2332]. The folding and unfolding rate constants were measured to be-(8.9) x 10° M~ st and

15+ 3 51, respectively, and agree with the equilibrium constant for foldingf. The13C* chemical shifts

for unfolded and folded forms af;D, obtained from this analysis, indicate that the ensemble of unfolded
states includes transiently structured helical conformations. The results both confirm the success of the de
novo design strategy and suggest avenues for further improvement of the native-like propextibs of

De novo protein design provides a powerful approach for native-like three-dimensional structures, although they show
testing the principles governing the structural, dynamic, and marginal thermodynamic stabilities. The design of larger proteins
functional properties of proteirdsSeveral groups have used this  with unique conformations has proven to be more difficult.

approach to probe the features required for folding a polypeptide Mayo and co-workers designed a tetramgrprotein based on

into a well-defined conformation that includes an efficiently the sequence of Interleukin4 Structural studies demonstrated
packed hydrophobic cofelnitial attempts to design proteins  that the protein was composed of a dimer with two conforma-
generally led to structures with dynamically averaged conforma-  (5) Gernert, K. M.; Surles, M. C.; Labean, T. H.; Richardson, J. S.;

tions, similar to the molten globule states of protéeirdore Richardson, D. CProtein Sci.1995 4, 2252-2260. _
recently, considerable success has been demonstrated in thglgj)s(i‘gnzalez' L., Jr; Plecs, J. J.; Alber, Nat. Struct. Biol.1996 3,
design of coiled coil4; 2 three-stranded antiparalj@isheets3 4 (7) Gonzalez, L., Jr.; Woolfson, D. N.; Alber, Nat. Struct. Biol 1996

and zinc finger motifd>16 These peptides fold into the desired 3, 1011-1018.
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Figure 1. Structural comparison betweert-a ando,D. Superposition

of the C* backbone from the 16 lowest energy NMR structures for
(left) a-t-oc and (right)aD. The figure was drawn from the coordinates
of PDB files labz ¢-t-a) and 1gp6 ¢.D) using Insightll (MSI
Research).

tions that were in slow exchange on the millisecond time scale;
these dimers further associated in a nonspecific manner about
a hydrophobically stabilized interface that lacked a well-defined
conformationt® Similarly, a tetrameriax-helical peptide was
shown to adopt a conformationally mobile dimer of partially
structured dimer&® Finally, the crystal structure of a four-helix
bundle with four identical helices connected by three glycine-
rich loops was found to have statistically disordered Io®ps.
Whether this protein was a left-handed or a right-handed bundle,

or a mixture of these two topologies, could not be determined. of equilibrium conformational dynamic properties of a designed
Despite these obstacles, the solution structures of severalyrotein requires direct measurement, as illustrated in an elegant
uniquely folded proteins have been determined, including two-, series of investigations of ubiquitin variants with repacked
three-, and four-helix bundles;23 hydrophobic cored*-26

Comprehensive assessment of the success of a de novo design The present investigation utiliz&3C nuclear spin relaxation
strategy requires knowledge of the structures, thermodynamics,measurements to characterize the backbone conformational
and conformational dynamics of the target proteins. Although dynamics of the de novo designed proteiD on picosecond
structures and thermodynamics have been investigated extento nanosecond and microsecond to millisecond time saa}Es.
sively, very little experimental information has been reported is a dimeric four-helix bundle whose structure, shown in Figure
about the conformational dynamics of de novo designed 2, is the most well-defined of the de novo designed proteins
proteins?~26 A qualitative evaluation of dynamic properties, described to dat&2” This model protein has a structure typical
in some cases, can be obtained by superposing computed lowof globular, native proteins; features important for its confor-
energy NMR structures. For example, Figure 1 compares the mational specificity include a hydrophobically stabilized inter-
ensemble of structures oft-o,2! which is stabilized only by  face between helices 1 anddnd a hydrogen-bond-stabilized

Figure 2. Structure ofa;D. The C backbone of;D is shown as a
solid tube; the leucine side chains are shown as the superposition of
the conformations observed in the 10 lowest energy NMR solution
structures oé,D.%3 a,D was designed to be a dimeric four-helix bundle;

it adopts the bisecting U motif. The figure was drawn from the
coordinates of PDB file 1qp6 using Insightll (MSI Research).

hydrophobic interactions, with that aD,?3 which is stabilized
through the interaction of a diverse set of hydrophobic, aromatic,
and polar side chains. Clearly, the structure ofdkea peptide

is less well-defined than that of;D, suggesting that the-t-o.
peptide samples a larger range of conformations in solution.
However, apparent disorder of the ensemble can result from
insufficient numbers of assigned NOEs or from the lack of

interface between helices 2 and?®

Experimental and theoretical methods for characterizing
protein dynamics front3C nuclear spin relaxation are not as
widely applied a$®N spectroscopic method23however3C
NMR spectroscopy is particularly well-suited to investigation
of conformational dynamics of de novo designed proteins. First,
small de novo designed proteins can be synthesized chemically.

stereospecific resonance assignments. Definitive determinationThereby, selective enrichment witiC can be used to avoid

(18) llyina, E.; Roongta, V.; Mayo, K. HBiochemistryl997, 36, 5245~
5250.

(19) Skalicky, J.; Gibney, B.; Rabanal, F.; Urbauer, R.; Dutton, P.; Wand,
A. J. Am. Chem. S0d.999 121, 4941-4951.
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W. F. Proc. Natl. Acad. Sci. U.S.A.998 96, 5486-5491.
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complications from13C—13C scalar and dipolar couplings
encountered in proteins uniformly labeled wiit 3132 Second,
15N NMR spectroscopy is rendered relatively more complicated
by fast amide proton exchange with solvent for proteins with
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limited stabilities®* Third, **C chemical shifts, particularly for  of the water resonance, and tH€ carrier frequency was set to 55
CO, C, and @, are diagnostic of secondary structural prefer- ppm. For typical two-dimensional spectra, spectral widths were>600
ences®:36 Fourth, dynamics of hydrophobic side chains can be 12 500 Hz in theF1 x F2 dimensions, 128« 1024 complex points

investigated in order to assess hydrophobic core packing andere acquired in thé, x t, dimensions, and 1632 transients were
stability 24-26 accumulated per compléxpoint. Coherence selection in thé indirect

. L . . evolution periods used PEP echo/antiecho gradient or phase-cycled
For t_he 'nve_St'gat'onS reported. .heremﬂD was e“r'c,hed methods as appropriate?° NMR data were analyzed using in-house
synthetically with3C at the C positions of the Leu residues  goftware and Felix 97 (MSI Research).
6, 13, 25, and 32. Each of thes_e residqes h_as a symmetry-related Laboratory Frame NMR Relaxation Measurements. The 5C
counterpart, § 13, 25, and 32, in the dimeric structure. These  gpin—Jattice relaxation rate constaR, the spir-spin relaxation rate
residues were selected specifically to evaluate whether constanf,, and the steady-staféH} —3C NOE were measured using
displays conformational fluctuations typical of native biological inversion recovery, CatrPurcel-Meiboom-Gill (CPMG), and steady-
globular proteins. The eightC-labeled Leu residues are located state NOE pulse sequent&$with minor modifications for application
in the hydrophobic core of the dimer and are spaced ideally to **C rather than*®N. CPMG experiments used a spacing between
along the backbone to serve as reporter groups for the motionall80" pulses of 0.5 ms. Steady-state NOE experiments used a 3.75-s
properties ofo,D (Figure 2). Relaxation rate constants were train of 180 H pulses with a spacing of 5 ms for saturation and a
recorded at static magnetic field strengths of 9.4, 11.7, 14.1, 4.85-s recycle delay for control experiments. Relaxation measurements

. ; ! at each field were performed in the ord@—NOE—R;—NOE. TheR;
and 17.6 T. Picosecond to nanosecond time scale dynamics WETe 4 R, measurements were performed using1# time points with

characterized using reduced spectral density mapping and th&je|ays chosen to fully define the exponential decay curve. ForRach

model-free formalism. Microsecond to millisecond time scale R, measurement, at least two time points were recorded in duplicate
dynamics were characterized using global analysis of rotating or triplicate for error analysis. NOE measurements were performed in
frame relaxation dispersion. The results indicate the success ofduplicate for error analysis. All data were processed using the same
the design strategy and illustrate how folding forces favor folded protocol. Peak heights were extracted using FELIX 97 macros.

states over unfolded states @jD. Uncertainties in peak height measurements were estimated from
pairwise analyses of duplicate or triplicate spectra as described
Methods previously*?43The values oR; andR; and their associated uncertainties
were determined by nonlinear least-squares optimization using the in-
Sample Preparation.The free amine of-leucine2-3C (Isotec) was house program CurveFit. The time-series data were fit to a monoex-
protected with the 9-fluorenylmethyloxycarbonyl (Fmoc) group as ponential decay functiori(t) = 1(0) exp[-Ry 4], in which I(t) is the
follows: A 10-mL, pear-shaped flask was charged witkeucine2- intensity of the resonance in the spectrum recorded with a relaxation
13C (131.2 mg, 1 mmol), diisopropylethylamine (DIEA) (174, 1 time t. Uncertainties in the fitted rate constants were obtained from
mmol), and 4 mL of CHCN/H,O (60%/40%). The mixture was stirred ~ Monte Carlo simulationé344{*H} —*3C NOE values were determined
at room temperature, ans-(9-fluorenylmethyloxycarbonyl)oxysuc-  as the ratios of peak intensities measured from spectra acquired with

cinimide (330.5 mg, 0.98 mmol) was added. The reaction was and without proton saturation. Uncertainties in the NOE values were

maintained at pH-8 by the addition of 10% DIEA as necessary. The determined by error propagation. TAE—*C cross relaxation rate

reaction was allowed to proceed for 4 h, and the product, Fmoc- constantocy, was calculated as

leucine2-13C, was precipitated by additiomtl N HCI at 0°C and

collected by filtration. The identity of the product was confirmed by Ocn = Ry(NOE — L)y /vy, (1)

NMR spectroscopy and mass spectrometry (yiel@4%). The poly-

peptide [6,13,25,32}leucine?-**C-a.D (Ac-GEVEEL*EKKFKEL*WK-

GPRRG-EIEEL*HKKFHEL*IKG-NH;) was synthesized using Fmoc- NMR Relaxation Data Analysis. The relaxation of the carboiC

protected amino acids by standard So|id_phase methods. The peptidé]UCleUS is dominated by the dipolar interaction with the attached prOtOn

was purified by high-performance liquid chromatography using a and affected to lesser extent by th€ chemical shift anisotropy

VYDAC C18 column. The level of incorporation of labeled leucine interaction®® Exact expressions fd, R, andocn were approximated

into a.D was determined to be greater than 95% at each position by Using reduced spectral density mapping according to the procedures

using electrospray mass spectrometry. All samples for NMR spectros- Of Farrow and co-worker&, with modifications for*3C:47:43

copy were prepared in 25 mM tris(hydroxymethyl)methylamikgin

100% DO, pH 7.3 (uncorrected for deuterium isotope effects). Unless d? 5

otherwise stated, sample concentrations were 2.0 mM. Ry = 7183@c) + 73(1.120)] + cIwc) (2)
NMR Spectroscopy.Relaxation experiments were performed at four

magnetic field strengths on the following instruments: 9.4 T, a Bruker — (38) wishart, D. S.; Bigam, C. G.: Yao, J.; Abildgaard, F.; Dyson, H.

DRX400 equipped with a broad-band inverse probe (Swarthmore J.; Oldfield, E.; Markley, J. L.; Sykes, B. D. Biomol. NMR1995 6, 135

College); 11.7 T, a Bruker DRX500 equipped with a triple-resonance 140.

three-axis gradient probe (Columbia University); 14.1 T, a Bruker _ (39) Kay, L. E.; Keifer, P.; Saarinen, T. Am. Chem. S0d.992 114

AMX600 equipped V\{ith a triple-resonance single-ax.is gradi_ent pr_obe 10?53;%2&?; A. G.; Cavanagh, J.: Byrd, R. A.: Rance JMMagn. Reson.

(DuPont Pharmaceuticals) and a Bruker DRX600 equipped with a triple- 1992 96, 416-424.

resonance three-axis gradient probe (Columbia University); and 17.6  (41) Farrow, N. A.; Zhang, O.; Forman-Kay, J. D.; Kay, L. E.

T, a Bruker DRX750 equipped with a triple-resonance three-axis Biochemistryl995 34, 868-878.

gradient probe (NMRFAM, University of Wisconsin, Madison). All Ch(42') S\|/<Ve|tJ051, l\l} J; l;almer, é- Gi;})glékleézM.zgglﬂigléi.: Rance, M.;

experiments were performed at 26; temperatures were calibrated azin, W. J.J. Magn. Reson., Ser. - :

using a 100% methanol samgfeThe HDO chemical shift relative to 11?%%12%’0"6" G.; Rance, M.; Wright, P. & Am. Chem. S0d.991,

DSS was used to indirectly reference #i€ dimension as described (44) Press: W. H.; Flannery, B. P.; Teukolsky, S. A.; Vetterling, W. T.

by Wishart and co-workef8.The proton carrier was set to the frequency  Numerical Recipes. The Art of Scientific Computi@gmbridge University
Press: Cambridge, 1986.

(34) Grzesiek, S.; Bax, Al. Am. Chem. S04993 115 12593-12594. (45) Abragam, A.Principles of Nuclear MagnetisnClarendon Press:
(35) Wishart, D. S.; Bigam, C. G.; Holm, A.; Hodges, R. A.; Sykes, B.  Oxford, 1961.

D. J. Biomol. NMR1995 5, 67—81. (46) Farrow, N. A.; Zhang, O.; Szabo, A.; Torchia, D. A.; Kay, L.JE.
(36) Spera, S.; Bax, Al. Am. Chem. S0d.991, 113 5490-5492. Biomol. NMR1995 6, 153-162.

(37) Cavanagh, J.; Fairbrother, W. J.; Palmer, A. G.; Skelton, N. J. (47) Guenneugues, M.; Gilquin, B.; Wolff, N.; Menez, A.; Zinn-Justin,
Protein NMR Spectroscopy: Principles and Practiéeademic Press: San S.J. Biomol. NMR1999 14, 47—66.
Diego, CA, 1996. (48) Atkinson, R. A.; Lefevre, J. K. Biomol. NMR1999 13, 83-88.
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d? motions on a fast time scale defined by< 100-200 ps,ts is the
R, =gl43(0) + 3)(wc) + 133(1.060y)] + effective correlation time for internal motions on a slow time scale of
2 ~1 ns defined byrs < 7o < T, & = $?°S? is the square of the
(C—)[4J(o) + 3J(w)] + ARz(ip) (3) generalized order parameter characterizing the amplitude of the internal
6 Tc motions, andy? andS? are the squares of the order parameters for the
internal motions on the fast and slow time scales, respectively.
= 5_dZJ(1 560,) ) Generalized order parameters quantify the amplitudes of motions of
CH™ g “\7H the H*—C® bond vector on the picosecond to nanosecond time scale,
with values ranging from zero for isotropic internal motions to unity
in which d = (uohyny/8n?)lch 30 ¢ = wcAol3Y2, u is the perme- for completely restricted motion in a molecular reference frame.
ability of free spaceh is Planck’s constantyy and yc are the Numerical simulations were used to evaluate the accuracy of the
gyromagnetic ratios ofH and**C, respectivelyrcy = 1.09 A is the reduced spectral density mapping protocol. Five hundred simulated

average €-H* bond length, and\c = 25 ppm is the chemical shift  yg|axation data sets were generated by randomly seleSfirand S?2
anisotropy typical fof*C* nuclei*® ARy(1/rc) is the residual chemical  from a uniform distribution between 0 and 1. Simulated valueX©j
exchange term that takes into account kinetic processes that contributeyere calculated frong? and S2 using eq 6 withry = 4.7 ns,7s = 1

to the observe®®; rate constant under conditions of fast pulsing during ns, andr; = 80 ps. Relaxation rate constams R, andocy values at

the CPMG sequence. Fog, = 0.5 ms and chemical shift differences  static field strengths of 9.4, 11.7, 14.1, and 17.6 T were calculated
between exchanging sites of less than 3 ppRa(1/zcp) = GexBo® for from the simulatedJ(w). Reduced spectral density values were

either fast or slow exchange, in whi@ is the static magnetic field  getermined from the simulated relaxation data sets using egs 2, 4, and
and®e is a constant of proportionality (vide infra). The power spectral 5

density function,J(w), defines the frequency spectrum of stochastic
overall and intramolecular motions that reorient the—€* bond.
Reduced spectral density mapping assumes){hatis a linear function

of w2 betweenJ(wn — wc) and J(wn + wc); consequently, linear

Local overall rotational correlation times and the amplitudes and
time scales of intramolecular motions for the LEC spins inoxD
were obtained by fitting eq 6 to the experimental valuesl@$),
o . . determined by reduced spectral density mapping. Nonlinear least-
combinations of the high-frequency spectral density tedfs, — ac), squares optimization was performed by using the program CurveFit as

J(@w), andJ(wn + oc) can be represented by a single ted@fiww), follows: first, the data were fit withy, and S? only by assuming that
with 3 chosen as in eqs-24. This assumption is valid if the time g2 _ 1 apq7, = 0 (model 1); second, the data were fit with, S2,
correlation function describing the dynamics of the i€ bond vector andr; assumings? = 1 (model 2); and third, the data were fit with,
may be represented as a sum (or distribution) of exponential terms andg2 g2 and 7z, by assumings; = 0. Discrimination between models
if the exponential time constants, satisfy either ¢ + wc)ti < 1 or was performed using af-tests53

(@ — wc) > 1. For static magnetic fields between 9.4 and 17.6 T, the For comparison, eq 6 also was fit directly to the relaxation rate

constraints on the time constants are approximately satisfieci80 . . . 0
h f . : . constants, without the intervening determination of reduced spectral
ps or if z; < 1000 ps, in whiche; refers to either overall rotation or - . B A
; . . S density values, using the in-house program ModelFree (version#.10).
internal motions that reorient the-& bond vector (vide infra). . . .
. . ..., The same spectral density models were used for this analysis as above,
Relaxation rate constants were measured at four static magnetic field N _ ) . ;
o . except that a contributiolRx(1/1¢p) = BeBo® Was included in all
strengthsBy = 9.4, 11.7, 14.1, and 17.6 T, correspondingHd_armor . .
. T models andd¢x was optimized along with the model-free parameters.
frequencies ofvy = 2.51 x 10°, 3.14 x 1(°, 3.77 x 10 and 4.71x . N . )
1 A single global overall value af,, was optimized along with the internal
1@ s™L. The measuredcy values were used to calculaléw) at the - . . .
motional parameters. To allow a direct comparison with the model-

frequenciesn = 1.56wy = 3.92 x 1%, 4.90 x 10°, 5.88 x 1(°, and " i from fitting th | i |
7.35x 10° st using eq 4. A linear least-squares fit i) versus ree paramete_rs obtained from fitting the reduced spe<_:tra den5|_ty values,
’ ) R, data acquired aBy = 9.4 and 11.7 T were not included in the

w~? was used to predici(w) at other frequencies neais, as needed analvsis
for determiningJ(0) andJ(wc). Values ofJ(wc) were obtained directly ySIS. . . .
Relaxation-Compensated CPMG Experiments.As discussed

from Ry by using eq 2. To avoid extrapolations beyond the measured >
range of frequencies when estimatid@..12v1), only the Ry values below, theB, dependence df (eq 5) suggested that all Leu residues
were subject to chemical exchange broadening. To confirm this result,

recorded aBy, = 14. and 17.6 T were utilized. Direct inversion of eq hemical h e h . .
3 to determineJ(0) is not possible because of possible contributions chemical exchange contributions &, were characterized using

from ARy(1/zs;); instead,J(0) was obtained by definirfe relaxation-gompensated CPMG experiméhes Bo_= 11.7 T.Ry(1/
7¢p) relaxation rate constants were measured usipgelays of 0.50,

1 32 o2 2, ) 0.68, 1.00, 1.25, 2.00, 3.36, 5.00, and 6.70 ms, using the same 2.0 mM
I'=R,— §R1 - T‘J(wH) = 5‘](0) + (57’0 'Ac?J(0) + ®eX)B0 sample used for laboratory frame relaxation experiments. This sample
(5) was diluted andRx(1/rcp) was measured forg, = 0.5 and 10.0 ms at
oD monomer concentrations of 1.0 and 0.5 mM. Subsequently,
Data from all four fields were used to determine valued(af;) needed chemical exchange contributions 1 were characterized more
in eq 5, even though extrapolation was requiredger= 9.4 and 11.7 completely using relaxation-compensated CPMG pulse experiments
T, because contributions 0 from J(wy) are very small €1%).The recorded aBo = 11.7 and 14.1 T with a new 1.7 mM sampk(1/
value ofJ(0) is obtained from the intercept of a linear least-squares fit 7cp) relaxation rate constants were measured usipdelays of 0.50,
of T versusBg?. 0.67, 1.00, 2.00, 4.00, 7.14, 14.28, and 42.84 ms;tthe= 0.67 ms
The model-free spectral density function derived by Lipari and data set was recorded at 14.1 T only. Experimentsfprs 4.00 ms
Szabh&® and extended by Clore and co-workéts, used the original relaxation-compensated pulse sequémseeach
value of ¢, 8—10 spectra were recorded, including two duplicate
2 sz-gm 1- Sz)rf' (32 — sz)fs' measurements in order to define the relaxation decay curve. Experiments
Jw) = 5 5T ST ") (6) for 7cp = 7.14 and 14.28 ms used the self-compensated pulse sequence
1+ (07y)” 1+ (07)” 1+ (w7y) recently describe#f. For 7., = 7.14 ms, six spectra were recorded,

) including two duplicate measurements in order to define the relaxation
was used in all data analyses. In eqg6= ttn/(Tr + Tm), Ts = TsTm/
(rs + ™m), Tm is the local overall rotational correlation time of the (52) Devore, J.Probability and Statistics for Engineering and the

molecule (vide infra)z: is the effective correlation time for internal ~ SciencesBrooks/Cole Publishing Co.: Monterey, CA, 1982.
(53) Mandel, A. M.; Akke, M.; Palmer, A. GJ. Mol. Biol. 1995 246,

(49) Phan, I. Q. H.; Boyd, J.; Campbell, I. D. Biomol. NMR1996 8, 144-163.

369-378. (54) Loria, J.; Rance, M.; Palmer, 8. Am. Chem. So&999 121, 2331~
(50) Lipari, G.; Szabo, AJ. Am. Chem. Sod 982 104, 4546-4559. 2332.
(51) Clore, G. M.; Szabo, A.; Bax, A.; Kay, L. E.; Driscoll, P. C,; (55) Millet, O.; Loria, J. P.; Kroenke, C. D.; Pons, M.; Palmer, A.JG.

Gronenborn, A. MJ. Am. Chem. Sod.99Q 112 4989-4991. Am. Chem. So00Q 122, 2867-2877.
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decay curve. Forg, = 14.28 ms, two spectra were recorded with a 2.0 prrrrprrrrrreT T
relaxation period of 0 ms, and 10 spectra were recorded with a relaxation s Fa 1 908fec 3
period of 28.56 (14.1 T) or 57.12 ms (11.7 T). Experiments for 42.84 TE 1 02 F E
ms used the Hahn echo pulse sequence recently destibed.spectra 1.0 |- 4 Tt ]
were recorded with a relaxation period of 0 ms, and 10 spectra were 055_ ERrY s 3
recorded with a relaxation period of 42.84 ms. Spectra were processed —~ F E F 1
in a similar fashion as th& and R, experiments. Time series data 2 bbb - oo
obtained forze, values from 0.50 to 7.14 ms were fit using the in- 2 0 05 1015 20 T
house program CurveFit to a monoexponential decay funck{on= 5 FprTrTTTrA Fy [ VY4
1(0) exp[-Rx(1/rep)t], in which I(t) is the intensity of the resonance in ~o02p 4 0021 B
the spectrum recorded with a relaxation tim&xperimental uncertain- E ] F R
ties in the peak intensities were estimated from duplicate sp¥ctra. 04 E 3 ool 4
Uncertainties in the fitted rate constants were obtained from Monte E 3 r ]
Carlo simulationg? For ¢, values of 14.28 and 42.84 ms, rate constants AT ]
were obtained fromRy(1/tcp) = In[(O)IO(t)t, in which t is the 0 01 0.2 o 001 002
nonzero relaxation delayl(0)Uis the mean intensity in the spectrum Jgim(@ (ns)

recorded with a relaxation delay of zero, dli)(is the mean intensity . . ) . ] )

for the duplicate spectra recorded at the nonzero relaxation delay. Figure 3. Numerical simulations of reduced spectral density mapping.

Uncertainties irfI(t)Cwere taken to be the standard error in the mean. Réduced spectral density valuel{w), calculated from simulated

1(0) was assumed to have the same relative uncertainty as the set of€laxation data are compared to the actual simulated values of the

I(t) values. spectral density functionlsin(w), for values ofw equal to (a) 0, (b)
Chemical Exchange Data AnalysisA two-site chemical exchange ~ 0-95 X 10, (c) 3.92x 10, and (d) 7.35x 10° s™*. The frequencies

reaction between dimeric and monomeric formsxed is considered shown correspond to (lB)c atBo = 14.1 T, (c) 1.5 atBy = 9.4 T,
(vide infra), and (d) 1.56y atBy = 17.6 T.

Ky conditions satisfied for the present investigationsigd (vide infra),
D==2M @) AR(1/tey) ~ puppAwked(Ke? + 12kc?) 5 BecauseAw O B,
ARy(1/rep) O Be? for all values ofkex. Therefore, the quadratic field

in which d[D]/ct = —(1/2)d[M}/dt = k_1[M] 2 — kq[D], ki is the forward dependence ohRy(1/zcp) acquired with a single value af, = 0.5 ms
first-order kinetic rate constant (unfolding off-rate), akd, is the can be used to identify an exchange process but does not provide
reverse second-order kinetic rate constant (folding on-rate). The information on the time scale of exchange.
equilibrium disassociation constef§ = ki/k-1, the equilibrium fraction
of monomerica,D molecules ispy = [M]/(IM] + 2[D]), and the Results

equilibrium fraction ofa,D molecules in dim(_ars ipp =1— pm. In NMR Spectroscopy and3C Chemical Shifts. All experi-
the present casgp > pu. A general expression for the phenomeno- ments were performed on samples specificaiy*-labeled at
logical transverse relaxation rate constant for the dimeric species,
Ro(1/7sy), is given byss? Leu_(_s, Leu 13, Leu 25, and Leu 32 (and the symmetry-related
positions Leu § Leu 13, Leu 25, and Leu 32. The 13C¢
1\ o, 1 1 1 chemical shift assignments far,D were obtained from het-
RZ(T_CP) =Rt E(kex - T_CPCOSh [D. coshg,) — D COS@—)]) eronuclear'H—13C correlation spectroscopy using thel*
®) chemical shift assignments previously determiffed@he 13C
resonance assignments for the folded dimegid molecule are
in which kex = 2[M]k_1 + ki = ki/pw = 2[M]K_1/pp, D+ = +(1/2) + as follow: Leu 6, 58.1 ppm; Leu 13, 57.6 ppm; Leu 25, 58.1
(ke + A28, e = 27 V2 [+(Ked — Aw?) + E]Y2 2 = (kel + ppm; Leu 32, 57.7 ppm. THEC* chemical shift for amino acid
Aw?)? — 16pupokeAw?, andte, is the delay between 18@ulses in residues in helical conformations is downfield of the random
the CPMG pulse train. The two sites (unfolded monomer and folded ¢qij| 13C chemical shift and is diagnostic for secondary structure
dimer) fare; ass;med ‘to have ldi_sl_ﬂmt Chemictal shiits andl‘”D't_ elements in protein®:36 The canonical random coil chemical
respectively, andhw = |om — wp|. The average transverse relaxation . 13 36
rate constant due to dipolar and CSA interactions is denBied= tsr:]gt c())t]:c)seereeLéi ?eﬁ%ﬁp%ﬁz(rjn}ga?esﬁisfg F}ng‘l Dﬂlzngr?;?é
Ro(1/rep — ). Equation 8 assumeRy — Ro| << Aw, in which Ry is , -2
the relaxation rate constant for the monomer &pgds the relaxation dowryﬂeld 1'9_2'4 me from ,the random coil value and are
rate constant for the dimer. The amplitude of the relaxation dispersion COnsistent with the highly helical structure @fD.
is defined asRex = Ro(1/zp — 0) — RL. Molecular motions of the backbone atD on picosecond
TheRy(1/7¢;) data acquired at static magnetic fields of 11.7 and 14.1 to nanosecond time scales were characterized usind*@e
T were fit simultaneously to eq 8, assuming tiab scales linearly spin—lattice relaxation rate constarmR;, the 13C spin—spin
with the static magnetic field strength. The independent fitting relaxation constan®,, and the heteronuclear cross relaxation
parameters wer&’, pupo, ke, and the value o\w at 11.7 T. For  rate constantocy, measured at four static magnetic field
simplicity, the very small field-dependent contributiorRg from CSA strengths,Bo = 9.4, 11.7, 14.1, and 17.6 T, for a 2.0 mM

relaxation was ignored. Fitting was performed with the in-house . .

program CPMGfit assuming equal weights for Bi(1/z,) values; monomer (1.0 mM qlmerth sample. The re!axatlon rate

uncertainties in fitted parameters were obtained by jackknife simula- constants are gl_\/en in the Support_lng I_nformatlon.

tions 58 Spectral Density Mapping.Numerical simulations were used
The value ofARy(1/re) used in egs 3 and 5 is given by eq 8 as 0 evaluate the accuracy and range of applicability of reduced

AR(1/tey) = Ro(lftey) — RL, in which 7, = 0.5 ms. For skewed  Spectral density mapping. The reduced spectral density values

populations of the exchanging speci@s & pu) and fast pulsing in determined from simulated relaxation data are compared to the

the CPMG experiment (1.&), = 3000 s* > Aw), both of which are simulated values a¥(w) in Figure 3. The results are illustrated

(56) Davis, D. G.; Perlman, M. E.; London, R. £.Magn. Reson., Ser. for zm :,427 ns,zs = 1ns, ?ndlrf = 80 2ps. The2 errois id3(0)
B 1994 104, 266-275. are negligible for all combinations &? and S2. At 1C and
(57) Jen, JJ. Magn. Reson1978 30, 111-128. ‘ IH Larmor frequencies, the maximum deviations between the
(58) Mosteller, F.; Tukey, J. WData Analysis and Regression. A Second
Course in StatisticsAddison-Wesley: Reading, MA, 1977. (59) Ishima, R.; Torchia, D. AJ. Biomol. NMR1999 15, 369-372.
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Figure 4. Reduced spectral density mapping characterizes the backboneFigure 5. Chemical exchange contributions to spin relaxation .
motions ofa,D. Experimental values of cross-relaxation rates,, Experimental values df calculated using eq 5 are plotted ver&s3
versus the magnetic field streng®y2, for (a) Leu 6, (b) Leu 13, (c) for (a) Leu 6, (b) Leu 13, (c) Leu 25, and (d) Leu 32. The solid lines
Leu 25, and (d) Leu 32. The solid lines are linear least-squares fits to are linear least-squares fits to the experimental data. Fitted parameters

the experimental data. Fitted parameters are (a) stopf®0127 + are (a) slope= 0.0090+ 0.0023 s* T2, intercept= 18.5+ 0.5 s,
0.0017 st T2, intercept= 0.020+ 0.009 s, 2 = 0.26; (b) slope= %2 = 0.12; (b) slope= 0.0084+ 0.0021 s* T~2, intercept= 19.3+
0.0099+ 0.0015 s T?, intercept= 0.013+ 0.008 s?, 2 = 3.42; (c) 0.5 s%, 2 = 0.31; (c) slope= 0.0189+ 0.0029 s* T2, intercept=
slope= 0.01044 0.0017 s T?, intercept= 0.0134 0.009 s, 42 = 19.24+ 0.6 s, 2 = 4.02; and (d) slope= 0.0104+ 0.0021 s* T2,
2.89; and (d) slope= 0.0117+ 0.0017 s* T2, intercept= 0.021+ intercept= 17.94 0.5 s, 42 = 0.80. They-intercepts are proportional
0.009 s?, y2 = 3.37. Linearity of the plot is necessary for using reduced to J(0), and the slopes depend on both the magnitude of@feCSA
spectral density mapping to analy#€* relaxation data foo,D. and chemical exchange contributionsRo The dashed lines show the
field dependence df predicted from eq 5 in the absence of chemical

actual and calculated{w) occur for the largest values dfw), exchange linebroadening.

whenS2— 1 andS?2— 0; under these conditions, the relaxation

is dominated by the intermediate time scale process with Table 1. Reduced Spectral Densitidew) for oD

1 ns. Errors inJ(wc) are less than 5% & = 14.1 and 17.6 T, o (1Ps™)

and errors |rl](l5&()|-|) are less than 10% By =94T and residue 0 0.95 1.18 3.92 4.90 5.88 7.35
less than 5% at the other three static fields. The reduced spectrat

density mapping approach becomes less accurate; as Leu® 1752(()& 82f§c 55'19.§E 62&% 3'90%57 3,20%, 2'30%2
increased ors is decreased. The value 3f1.56w) obtained Leu13 1800+ 83.3+ 5674+ 494+ 364+ 19+ 1.8+
for Bo = 9.4 T is most severely affected and generally should 50 1.3 1.0 0.5 0.7 0.3 0.2

not be included in subsequent analyses of the reduced spectral-eu 25 1769(;& 85-166i 57-104i 5-20i5 3-20i7 2-00i3 1-90i2
density values. Slmuleited reduced spectral density mapping Leu3? 1660- 906+ 626+ 584+ A7+ 264 234
results forJ(wc) at Bp = 14.1 and 17.6 T and(1.56wy) at 40 15 11 05 08 03 02
Bo=11.7, 14.1, and 17.6 T still have maximum errors<¢i%
for tm = 4.7 ns,7s = 0.8 ns, andrs = 100 ps (not shown).
Reduced spectral densitieXw), were calculated from the
relaxation rate constants using the reduced spectral densitycontribution fromARx(1/rc) (eq 3) for all Leu residues. The
mapping approach embodied by egs 2, 4, and 5. As shown byimportance of eq 5 for determinintfO) accurately is illustrated
Figure 4,0cy were linear functions oBy~2 for all residues over by the results for Leu 13 and 25. These residues have
the range ofBy = 9.4-17.6 T; consequently, the major indistinguishable values af(0), even thoughR, for Leu 25 is
assumption necessary for utilizing the reduced spectral densitysignificantly greater at alBy fields due to the larger exchange
mapping approach of eqs—5 is satisfied. Thescy data for contributions to Leu 25.
Bo = 17.6 T are the most critical for determining the value of  The final values of the reduced spectral density values are
they-intercept becausBy 2 is at its minimum value. Indeed, if ~ given in Table 1. Thé(w) values for the two interior residues,
the data folBp = 17.6 T are excluded, then tlyantercepts for Leul3, and 25, are very similar to one another, while the
residues Leu 13, Leu 25, and Leu 32 cannot be statistically terminal residues, Leu 6 and 32, have smaller value3(@f
distinguished from zero. A§-intercepts are positive, which is  and larger values a¥(w) at the highest frequencies.
consistent with the theoretical expectation that the intercept is Model-Free Formalism. The spectral density data for each
0.4(1 — S5 in the limit that all intramolecular motions are  Leu residue were interpreted using the Lipa®zabo model-
very fast G2 = 1). These results emphasize the importance of free formalism (eq 6) to obtain the rotational correlation time
data acquired at ultrahigh static magnetic fields for accurate rr, order parameter&, and effective correlation times or 7
analysis. The large slopes and nonzero intercepts observed irfor o;D. As discussed above)(1.56vy) for B = 9.4 T is
Figure 4 mean that th&Bwy) for different values of3 in eqs expected to be the least accurate value obtained from the reduced
2—5 cannot be approximated by a single frequency-independentspectral density mapping procedure. Nonetheless, this value was
valueJ(1.56wy) derived fromoch (eq 4) or byd(Bww) = (1.56/ included in the model-free analysis D, because statistically
B)2J(1.56wy); rather,J(Bwy) was obtained empirically from a  indistinguishable results were obtained when it was omitted (not
linear least-squares fit to the observed frequency dependenceshown). Data for Leu 13 and Leu 25 were adequately fit by the
Plots of I' versusBg?, shown in Figure 5, were linear; simplest spectral density function, model 32( z,,). Data for
however, the slopes of the graphs are too large to be attributedLeu 6 were not well-fit by model 1, and a significant improve-
to the field dependence of CSA relaxation oo = 25 ppm. ment F = 64.6,p = 4.8 x 1074 was obtained using model 2
These results suggest that the measured valuBs adntain a (S?, 71, Tm). Data for Leu 32 could not be fit with simple models

aTable entries ardl(w) in units of picoseconds at the indicated
frequenciesy.
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P L N B S D NLL B NN RN Table 2. Model-Free Parameters for.D
ok ? 3 ‘] residue model & 2 S?2 17 (ps) 1s(ns)
: : Leu6 RSD-2 0918+ 0.918+ 28+
001 - 2 0.012 0.012 7
E E E MF-2°>  0.909+ 0.909+ 29+
7 0.001 L PRSP SRS RPN SRR B B = 0.011 0.011 3
% ————————— S — Leu13 RSD-1 0.946 0.946+
2 ' .4 ' ' e 0.011  0.011
g 3 E MF-1 0932+ 0.932+
*E E 3 0.010  0.010
F Leu25 RSD-1 0.95% 0.959+
e 3 3 0.014 0.014
00015 | | ; E T MF-1  0.948+ 0.948+
’ 0,0I ‘2.0‘ I4,0I ‘6.0‘ I I8,0 o} 20 4.0 6.0 8.0 0012 0012
o (ns™) Leu32 RSD-3 0.86& 0.933+ 0.930+ 112+
Figure 6. Amplitudes and time scales of the backbone motions of ME-3 0 805218 0 gol'gf 0 909;813 0 802513
oeD. Values ofJ(w) derived from reduced spectral density mapping 0.026 0.016 0.014 0.25

of 13C* relaxation measurements at four magnetic field strengths are
plotted versus frequenay for (a) Leu 6, (b) Leu 13, (c) Leu 25, and 2 RSD-N indicates that internal motional parameters were obtained
(d) Leu 32. Solid lines are best fits to model spectral density functions b fitting reduced spectral densities with model N derived from eq 6.
derived from the LipariSzabo model-free formalism, eq 6, using a LAnaIysns_ was performed using a fixed valuewf= 4.71+ 0.05 ns.

rotational correlation timen = 4.71+ 0.05 ns. Values of? are (a) MF-N indicates that internal motional parameters were obtained by

. fitting relaxation rate constants with model N derived from eq 6. The
1.98, (b) 9.38, (c) 5.70, and (d) 9.86. Fitted order parameters and 5,\vsis was performed using the program ModelFree (version 4.10)
effective internal correlation times are given in Table 2.

and yielded an optimized value of, = 4.72+ 0.04 ns.

and gave very large uncertainties for more complex models. parameters, and, in addition, the internal correlation times are
The values ofin = 4.694 0.08, 4.74+ 0.07, and 4.68 0.09 sufficiently large to contribute significantly to the spectral
ns obtained for Leu 6, Leu 13, and Leu 25, respectively, were gensity function.

very similar. Direct Measurement of Chemical ExchangeAs shown in

The structure ob,D has relative moments of inertia (in the Figure 5, the dependence Bfon By? leads to the conclusion
absence of hydration) of 1.00:0.89:0.69 and is expected 10 that all Leu residues inD are subject to chemical exchange
diffuse approximately as a prolate ellipsoid MiYDpy < 1.25,  processes on the microsecond to millisecond time scale. The
in which D and Dp are the principal values of the diffusion slope of the graph dF versusBy? is greatest for Leu 25, which
tensor®® The local overall correlation times experienced'ig implies a larger degree of exchange linebroadening for this
spins in a moderately anisotropic molecul/Dn < 2) are  residue. To characterize fully the chemical exchange contribu-
given bytm = tisd/[1 — rY20(6)], in which tiso = 1/(2D) + 4Dp), tions to transverse relaxatioR’C Rq(l/re,) relaxation rate
r = (Dy — Do)/(Dy + 2Dn), Yzo(0) = (3 co 6 — 1)/2, andd constants were measured using relaxation-compensated CPMG
is the angle between the symmetry axis of the diffusion tensor py|se sequences. ValuesRf(1/r¢,) measured at 11.7 T using
and the G-H bond vectof! The symmetry axis of the diffusion 5 2.0 mm sample showed a strong dependence.pbetween
tensor is coincident with the dimer symmetry axisoeD. The 0.5 and 6.7 ms for all residues (data not shown). The relaxation
anglesf are 50, 64°, 66°, and 66, and the expected values of  gispersion provides definitive evidence that each of the Leu
Tm are 1.0%iso, 0.98so, 0.98iso, and 0.98is, for Leu 6, Leu residues inopD participates in a chemical exchange process.
13, Leu 25, and Leu 32, respectively. All valuesrgfare close The physical basis for the exchange phenomenon was
to 7iso because all values éfare close to the magic angle 5%.7  getermined from the concentration dependence of the linebroad-
as aresult, the Leu-€H vectors are insensitive to the anisotropy  ening. If exchange results from intramolecular conformational
of rotational diffusion inoD. dynamics, therRex should be independent of concentration. If

The spectral density data were analyzed a second time usingexchange arises from the folding equilibrium between the
a fixed value ofrm = 4.71 4 0.05 ns for all Leu residues,  (unfolded) monomeric and (folded) dimeric formsaaD, then
because the range of, values estimated from the orientations R should decrease with an increase in sample concentration,
of the C-H vectors is less than the experimental uncertainties pecause the relative population of the monomer decreases. If
in the measured values. Essentially identical results were exchange results from aggregation to form higher order oligo-
obtained for Leu 6, Leu 13, and Leu 25 by either optimizing or mers, thenRe should increase with an increase in sample
fixing 7m. With 7, fixed, data for Leu 32 were not well-fit by concentration, because the relative population of the oligomers
model 1 §?) or model 2 &, 77), and a significantimprovement  jncrease$? The values oRy(1/rep = 0.1 ms'2) andRy(1/rep =
(F = 17.6,p = 0.010) was obtained using model §% S?, 75 1 msY) measured for 0.5, 1.0, and 2.0 mMD samples
compared to model 1. The final fits of the model spectral density (monomer concentration) are shown in Figure 7. The difference
functions are shown in Figure 6, and the fitted parameters are Ro(1/rep = 0.1 ms%) — Ry(1/rep =1 ms L), which was used to
given in Table 2. Results from the direct analysis of the approximate the degree of exchange linebroadening, decreases
relaxation rate constants using the ModelFree program also areith increasing sample concentration. These results indicate that

given in Table 2. The order parameters for the two interior 3 significant component of the exchange linebroadening results
residues, Leu 13 and 25, are large and very similar to one from the folding equilibrium foroD.

another. The terminal residues, Leu 6 and 32, have smaller order The kinetics of the chemical exchange process were charac-

terized by measuringC Ry(1/r¢p) relaxation dispersion curves
as a function ofrcp, at Bp = 11.7 and 14.1 T for a 1.7 mM

(60) Copie V.; Tomita, Y.; Akiyama, S. K.; Aota, S.; Yamada, K. M,;
Venable, R. M.; Pastor, R. W.; Krueger, S.; Torchia, D.JAMol. Biol.
1998 277, 663-682.

(61) Lee, L. K.; Rance, M.; Chazin, W. J.; Palmer, A. &.Biomol.
NMR 1997, 9, 287—298.

(62) Pfuhl, M.; Chen, H. A,; Kristensen, S. M.; Driscoll, P.Z Biomol.
NMR 1999 14, 307—320.
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B e A e I s s RS e Table 3. Chemical Exchange Parameters oD
M : ‘] residue  RO(s™) Pum Aw (ppm)  kex(s™Y)
or 1T E leu6 226+05 0.038:0.006 0.89:0.11 510+ 170

| L1 Leul3 22.6£0.4 0.028+0.007 1.12+0.15 580+ 220
20 ,’4/% : . Leu25 25.0£0.6 0.019+0.002 1.31::0.17 940+ 310
STTTTITIT B ST TP Leu32 21.7405 0.024+0.004 1.16+0.13 540+ 160

40 e e ST

R,(15,) ()

guadratic scaling. The largest value &f» at By = 14.1 T is

% N - ¢ . 500 s1for Leu 25; therefore, conventional CPM®& measure-

ments acquired withrey = 0.5 ms satisfy the fast-pulsing

20}’"?’)/%—{ E : ] criterion, 1.5¢¢, > Aw, and ARy(1/7¢p) varies asBg? for both
T YTy slow and fast exchange processes. The quadratic dependence
. 5 20 25 0.0 05 1.0 15 20 25 R . X |

[agD] (mM) of I on By in Figure 2 does not contradict the observation that

Figure 7. Folding equilibrium causes chemical exchangeoiD. the f'?ld dependence &y is less th{?m quadra}tlc. Rather, only
Values of Ry(1/re;) for (@) 7ep = 0.5 ms and ©) 7o, = 10.0 ms are the field dependence of the amplitude Rfx is an accurate
plotted versus the total monomer concentratiorgd for (a) Leu 6, indicator of the time scale of chemical exchaﬁ@é’he results
(b) Leu 13, (c) Leu 25, and (d) Leu 32. Values R(1/rcp) at 7ep = for Leu 6, Leu 13, and Leu 32 are very similar, while Leu 25
10.0 ms for 2.0 mMu.D were obtained by extrapolating the relaxation has a substantially larger value ke and probably is affected
dispersion curves measured fof values ranging from 6.7 to 0.5 ms  partially by an additional exchange mechanism (vide infra). The
(Qata not shown). The solid lines are drawn to gu_ide the_ eye. The average results fqoy = 0.028+ 0.003 andkex = 540 + 100
dn‘fereqce betyvegn Fhe two values B;(l/rcp) at a giventep is an s1 for Leu 6, Leu 13, and Leu 32 yield estimates Kf =
approximate |nd|(_:at|0n of the chemical gxchange con_tnbutlon to 27+06uM, k =15+ 35, andk_; = (4.7 + 0.9) x 10P
transverse relaxation. The decreased chemical exchange Ilnebrot’a\denlng/[,1 s The value oK. is in accordance with earlier estimates
. d

at higher protein concentrations identifies the folding equilibrium for _ . - 27
azD to be the mechanism for exchange linebroadening. of K¢ = 7 & 3 uM, determined for a sample in 100%;@.

40 , . . . . . . : Discussion

The dynamics of the backbone obD on picosecond to
r ] nanosecond and microsecond to millisecond time scales were
s assessed by measuring nuclear magnetic spin relaxation rate
F j constants for thé3C® of Leu 6, 13, 25, and 32, together with

: their symmetry-related counterparts Ley 63, 25, and 32
40 : : : ; : : : : These leucine residues are spatially distributed throughout the
b d hydrophobic core of the dimeric structure @D (Figure 2).

30 f 1R ] Backbone dynamics on picosecond to nanosecond time scales
: o . were characterized by reduced spectral density mapping and
20l * L ] the model-free approach appliedRp, R, andocy relaxation
. . . . . . . . rate constants measured at four static magnetic field strengths.
g e The folding kinetics ofa,D were characterized by global

) L ? ) analysis of relaxation-compensated CPMG relaxation dispersion
Figure 8. Determination of protein folding parameters D from measurements at two static magnetic field strengths. In the
the) ﬁéigjr%%ngfgfgolcfy E;e;izag?anlipiflfnT. \;?éué%gg d following, the implications of these results are discussed both
Fon 0 N 0 ' P for NMR spectroscopy and for protein design and folding.

versus 1, for (a) Leu 6, (b) Leu 13, (c) Leu 25, and (d) Leu 32. . .
Solid lines are the best global nonlinear least-squares fits to eq 8. Values R€duced spectral density mapping has proven to be a useful

of 42 are (a) 7.7, (b) 5.93, () 5.88, and (d) 5.41. Fitted parameters approach for interpretingN relaxation rate constants, particu-
are given in Table 3 and were used to determine the protein folding larly for highly dynamic system&:3° however, relatively few
kinetics and equilibrium constant. applications have been reported f8€ 4748 Reduced spectral

density mapping is facilitated féPN becausevy + wn ~ 0.9wy
(monomer)a,D sample. AlIRx(1/r¢p) relaxation rate constants  and oy — wn &~ 1.1wy are close towy;*® in contrast, the
are given in the Supporting Information. Data recorded at either frequenciesvy — wc ~ 0.75wy andwy + wc ~ 1.250y differ
Bo = 11.7 or 14.1 T can be fit adequately to the fast-limit substantially fromwy. Consequently, the spectral densities
equation describing chemical exchange in CPMG experimentsJ(wy — wc), J(wn), and J(wy + wc) are more difficult to
whenke/Aw > 1.54 However, the fitted values d&y were not approximate, particularly using relaxation rate constants acquired
independent of the static field strength, and the amplitude of at a single magnetic field strengthin the present approach,
the relaxation dispersion curveRey, did not vary asBy? as the dependence oty on By=2 was measured directly from data
expected for fast-limit exchange.Self-consistent results for  acquired at four static magnetic fields, ai{@wn) was obtained
the kinetic parameters were obtained by global fitting of the empirically from a linear least-squares fit to the frequency
relaxation dispersion curves obtainedBgt= 11.7 and 14.1 T dependence oficy. This method is similar to the first-order
with the general form of eq 8. The fitted relaxation dispersion Taylor series expansion df{w) proposed by Farrow and co-
data are shown in Figure 8, and optimized parameters are giverworkers?® In addition, the field dependence Bfillustrated in
in Table 3. For all residues, the chemical exchange processFigure 5 allowsJ(0) to be determined from eq 5 even in the
occurs in the slow regimek{/Aw < 1) on the chemical shift  presence of chemical exchange affecting all Leu residues. For
time scale. The ratios dRex at Bp = 14.1 T relative toRex at well-ordered globular proteins, model-free parameters deter-
Bo=11.7 T range from 1.08& 0.10 for Leu 32 to 1.16- 0.10 mined from reduced spectral density mapping and direct analysis
for Leu 25, compared with a factor of 1.44 expected for of relaxation rate constants should yield similar results. As
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shown in Table 2, results far,D obtained by these two methods exchange process at equilibrium may include transiently popu-
are indistinguishable, even for the most mobile residue, Leu lated, partially structured helical conformations rather than the
32. Numerical simulations also indicate that accurate results for fully unfolded random coil observed in high concentrations of
oD are obtained from the proposed reduced spectral densitydenaturan®? This observation is consistent with earlier studies
mapping approach, provided that intramolecular correlation showing that the thermally unfolded state afD retains
times are approximately<80 ps or >1 ns. These results  significant secondary structure, as inferred from CD spectros-
demonstrate that reduced spectral density mapping can becopy?’ Studies of a precursor af;D led to the proposal that a
applied to'3C spin relaxation data with similar robustness and successfully designed dimeric helical protein would populate
utility as for 13N, if relaxation rate constants are measured at some partially helical conformations in the unfolded monomeric
multiple static magnetic fields. state’C If the representation of helical states in the monomeric
The present investigation represents the first application of ensemble is too low, then the energetic costs are too great for
relaxation-compensated CPMG experiments to directly measuresuccessful folding, whereas too large a population of helical
the kinetics of a protein folding equilibrium. The use 3€ conformations is antithetical to cooperative folding. The present
relaxation for investigations of protein folding has two advan- results, derived from chemical exchange measurements, cor-
tages compared with°PN relaxation®® First, exchange of M roborate this hypothesis and suggest that the native-like proper-
protons with solvent is not a concern. SecoH&* chemical ties of thea,D dimer result in part from the appropriate degree
shifts relative to random coil values are sensitive to secondary of inherent helical content in the equilibrium unfolded ensemble.
structure in proteind$64 Thus, linebroadening resulting from  More recently, our design strategy has emphasized the three
exchange between folded and unfolded species has an easilptates of a polypeptidenative, compact intermediate, and
interpreted physical basis. As exemplified by the present results,unfolded-that must be considered in an optimal de novo
accurate assessment of chemical exchange in proteins require@pproact:”* These considerations also have been shown to be
evaluating the static magnetic field strength dependence ofimportant for natural proteing:
exchange linebroadeni®§. Characterization of kinetic rate The mobility of the backbone o&,D on picosecond to
constants for folding using,, and CPMG measurements of nanonsecond and microsecond to millisecond time scales is
chemical exchange should be applicable broadly to systems intypical of natural proteins. All of the leucin¥C* spins have
which the unfolded states have populatiang.0283 high order parameter&, reflecting a high degree of motional

By design, oD is a symmetric, homodimeric four-helix
bundle. Equilibrium thermal denaturation experiments ©OH
demonstrate that,D unfolds in a cooperative two-state
transition between folded dimers and unfolded monorferse
folding rate constantk-; = (4.7 & 0.9) x 10° M1 s}
measured fooD is consistent with the rate constants measured
for other small helical dimeric proteins. P22 Arc repressor, a
106-residue dimeric protein that contains a helical bisecting U
structural motif similar to that od;D, folds with a rate constant
of 1 x 10" M1 s7165 A variant of GCN4p1, a 33-residue
dimeric coiled coil with aAG® of folding similar to that of,D,
folds with a rate constant of 2 10° M~1 s71.66 These folding
on-rates are approximately 3 orders of magnitude slower than
the diffusion-limited rates estimated for proteins of this $fze.

restriction on the picosecond to nanosecond time scale. Leucines
13 and 25 are slightly more ordere® (= 0.95 + 0.01 and
0.964 0.01, respectively) than Leu 6 and Leu 3 £ 0.92+

0.01 and 0.874+ 0.04, respectively); in addition, internal
correlation times are sufficiently large to contribute significantly
to the spectral density functions for Leu 6 and 32. The nominal
increase in mobility of the backbone*®©f Leu 6 and 32 also

is reflected in the ensemble of low-energy NMR structires
and is most likely due to a slight fraying of the N-terminus of
helix 1 and the C-terminus of helix 2. Residues Leu 6, Leu 13,
and Leu 32 appear to be highly ordered on the microsecond to
millisecond time scale because exchange linebroadening of the
13Ce resonances is explained completely by the folding equi-
librium. Only Leu 25 exhibits evidence for intramolecular

The rate reductions most likely reflect the necessary formation conformational heterogeneity within the folded dimer state on
of specific polar interactions that are crucial to the folds of these the microsecond to millisecond time scale. Evidence for
proteins. This hypothesis is supported by the observation thatadditional exchange contributions for Leu 25 is provided by
the folding rate constants increase by 2 orders of magnitude both the larger slope observed for Leu 25 in Figure 5 and the

for variants of Arc and GCN4 that have reduced electrostatic
interactions”-68 The unfolding off-rate foropD, ky =15 + 3
s 1, is about 2 orders of magnitude larger than that for Arc,
ky = 0.1 s'L. This difference most likely reflects the smaller
hydrophobic core ofi,D (70 residues) compared with that of
Arc (106 residues)®

The changes i#*C* chemical shift values between unfolded
and foldedo;D, Aw, obtained from the analysis of the chemical
exchange folding kinetics{1 ppm) are less than the predicted
change ift3C* chemical shifts relative to random coit2 ppm).
Therefore, the ensemble of unfolded states involved in the
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different values ofkex and R reported in Table 3 compared
with those of the other residues. Leu 25 and Leu 13 have nearly
identical J(0) values; therefore, the larger valueRy for Leu

25 suggests that an exchange process occurs on a time scale
faster than the largest value ofrdd utilized in the present
experiments (200073). Examination of a superposition of the
family of NMR structures indicates that the Leu 25 side chain
populates two distinct, rotomers. Thus, additional exchange
contributions for Leu 25 may arise from interconversion between
these two conformations. The characterization of dynamic
properties on picosecond to nanosecond and microsecond to
millisecond time scales corroborates and extends our previous
findings indicating thatD is a native-like proteir?
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The backbone motions af,D are interesting in light of the  acterizing protein dynamics usiféC reduced spectral density
forces that govern the native-like behavior of this protein. The mapping and for characterizing protein folding kinetics using
strategy for the design focused on generating a well-packed3C chemical exchange linebroadening that have been have been
hydrophobic core and specifying interactions at each of the four applied to a,D can be extended to other macromolecular
helical interfaces found in a four-helix bundleAt one interface systems. These techniques will contribute to improved under-
(helix 1/1), hydrophobic interactions between leucines provide standing of conformational dynamics and folding in proteins
the primary driving force for folding® In contrast, the helix and other biological macromolecules.

2/2 interface is formed by a hydrogen-bonding network that is
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NMR spin relaxation methods have been used to characterize
intramolecular dynamical and folding kinetic propertiesgb,
a de novo designed dimeric four-helix bundle labeled WA
at the C position of eight leucine residues spatially distribute
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