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Heteronuclear relaxation data have been used to study interna
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Figure 1. t.ef andw dependence of the cutoff value of the diffusion
anisotropyA for a prolate ellipsoidA > 1) below which the minimum
and most probable value 6N Ty, T, coincide with thex andy axes of
the diffusion tensor, respectively. Curves are showntfbfrequencies
of 750 (—), 600 ( - ), and 500 (- - -) MHz and are calculated for the
axially symmetric casen(= 0). The introduction of rhombicity results
in a very small increase in the cutoff valuesfofThus, ag e — o, the
cutoff value forA is 6.99 fory = 0 and 7.12 fom = 1.
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dynamics and characterize the rotational anisotropy of macro-

moleculest Recently, it has been shown that the dependence of by 3/20yy — D)/[Dzz — 0.5@yy + DxJ]. The heteronuclear,
heteronuclear relaxation times on rotational diffusion anisotropy IS @ function of frequency-dependent and -independent terms,
can provide structural restraints for simulated annealing structure While the heteronuclear; is only a function of the frequency

refinement that characterize long-range ora@riori.2 While a

dependent terms.Thus the heteronucleds/T, ratio is given by

detailed analysis of internal dynamics requires that both the f(@, Tcem A, 77, COS 0, sir? ¢). For an oblate ellipsoid, (i.eA <

magnitude and orientation of the diffusion tensor be kné#n,
only the magnitude of the tensor is required to derive information
on the shape of the molecule and for structure refinerhefhi

1 andDy, = Dy > D), the minimum and maximum heteronuclear
T4/T, ratios always correspond to vectors lying along 2@ =
0°) and x (§ = 90°, ¢ = 0°) axes of the diffusion tensor,

the latter case knowledge of the orientation of the diffusion tensor respectively. For a prolate ellipsoid (i.&> 1 andD,, > Dy, >

is not required since it is allowed to float during the calculations).
If the structure is already known to high accuracyl(8 A

Dy, the maximum heteronucledi/T, ratio always corresponds
to vectors lying along the (6 = 0°) axis of the diffusion tensor,

resolution crystal structure), the six parameters that describe thebut the value ob corresponding to the minimum heteronuclear
magnitude and orientation of the diffusion tensor can be obtained T+/T2 ratio depends omw, zcr, andA and very weakly om. The
by least squares optimization on the basis of the measured® andzc.edependence of the cutoff value Afbelow which the

relaxation times and the orientations of the internuclear veéfors.

minimum 1N Ty/T, ratio corresponds to vectors lying along the

In this paper, we describe a simple and robust procedure, based axis is depicted in Figure 1. Thus, foger = 4 ns, the cutoff

on an examination of histograms of heteronuclBér, ratios, to
obtain the magnitude of the fully asymmetric diffusion tensor.
For the general case of rigid body anisotropic reorientation,
the spectral density functiod(w), in the limit of very fast internal
motions, is given to a good approximatfdsy J(w) = SCyti/(1
+ w?r®)] wherew is the angular frequenc is the generalized
order parameters, are time constants that are functions of the
elementd,, Dyy, andDy of the second rank diagonal diffusion
tensorD, with D,, defined as the unique component@f and
the coefficientCy = f(Dyx, Dyy, Dz, COS0,sir?p), wheref is the
angle between the interactomic vector and thexis of the
diffusion tensor, an@ the angle between the projection of the
interatomic vector on the—y plane and the axis® The effective
correlation timerc e is given by (D,, + 2Dy, + 2D,) %, the
diffusion anisotropyA by 2D,/(Dy + Dy,), and the rhombicity;
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value ofAis 3.6, 4.1, and 4.7 aH frequencies of 500, 600, and
750 MHz, respectively; for. e = 10 ns, the cutoff value oA is

5.9, 6.2, and 6.5 aH frequencies of 500, 600, and 750 MHz.
As Aincreases above these values, the minimednT,/T, value
shifts from vectors lying along = 90°, ¢ = 0° to vectors lying
atf = 54.7, ¢ = 0° (i.e., 0 is at the magic angle). Thus, for
globular proteins (which invariably have anisotropies below these
cutoff values) the minimurt®™N Ty/T, ratio will always correspond

to vectors lying along the axis.

For this class of proteins, how can one find the heteronuclear
T4/T, ratio that corresponds to vectors lying along the third (i.e.,
y) principal axis of the diffusion tensor? By analogy with solid-
state NMR line shapes, if the distribution of vectors is isotropic,
one would expect thigy/T, ratio to correspond to the maximum
of the Ty/T, distribution function. This has been confirmed by
numerical simulations. The distribution of heteronucléail,
values obtained by generating a million random, isotropically
distributed vectors, does have a powder pattern-like appearance,
and the most probabl&/T, value does indeed coincide with the
T,/T, value atd = 90°, ¢ = 90°. This is illustrated in Figure 2.

The values of Ti/T2),; and T1/T,)« are obtained from the
extreme values of the experimentally observed heteronu€iéar
T, ratios. Thus, for a prolate ellipsoid\ (> 1) the value of T/
T,),, is determined by taking the average of the cluster of high
T4/T, values within one experimental standard deviation of the
maximum observed,/T, value. The same procedure is used to
estimate T[1/T2)x from the cluster of observed loW/T, values.
The value of T4/Ty)yy is obtained from the maximum of the

(7) Abragam, A.The Principles of Nuclear Magnetisr@larendon Press:
Oxford, 1961.
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0.2 A T T © T Table 1. Comparison of Parameters Characterizing the Magnitude
XX = yy of the Fully Asymmetric Diffusion Tensor Derived frofiN

yy=xx Heteronuclear Relaxation Data by Analysis of a Histogranf

T./T, Values and by a Best-Fitting Procedure Based on thédN

01 b Vector Orientations in a Known Structdre

HIV-1 N-terminal domain
22 protease/DMP323 of enzyme |
tfj 0.0
T ® ® vy Teert (NS) 104 10.6 13.2 13.1
A 1.25 1.35 1.70 1.46
n 0.33 0.46 0.27 0.10
D (usd) 143 13.4 9.6 10.9
Dyy (us™) 15.1 14.8 10.9 11.2
D,(ush) 18.4 19.0 17.4 16.1

aThe experimental®N T,/T; data, displayed in Figure 3, are taken
from refs 2 and 4 Taken from ref 4 and calculated on the basis of
the N—H vector orientations in the 1.8 A resolution crystal structure
of the HIV-1 protease/DMP323 compléx.¢ Calculated on the basis
Figure 2. Theoretical distribution of>N T4/T, values simulated for a of the N—H vector orientations in the 2.5 A resolution crystal structure
million random, isotropically oriented vectors for prolate (A and B) and of EIN,% using the procedure described in ref 4. As the EIN crystal
oblate (C and D) ellipsoidsoy = 27 x 600 MHZz; 7cer = 13 ns; the structure is not of the same high accuracy as that of the HIV-1 protease/
anisotropyA = 2 in (A) and (B) and 0.5 in (C) and (D). The axially = DMP323 complex, the degree of anisotropy is underestimated and it
symmetric cases are shown in (A) and (C) and examples with a rhombicity P&comes difficult to assess whether there is a significant rhombic
y of 0.6 in (B) and (D). component.
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comparison of the results obtained using the present method with
those of a six parameter nonlinear least-squares fit on the basis
of the vector orientations derived from a known structure are
summarized in Table 1 and demonstrates good agreement between
the two method8.
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.l In conclusion, we have presented a simple method for obtaining

2 | the magnitude of the diffusion tensor from the distribution of

o heteronucleal,/T, ratios without the need for any prior structural

Y e 1 et 20 22 24 28 information® This not only permits one to derive information
N T4/T, 15N T4/To . L .

) ) o regarding the shape and hydrodynamic properties of the macro-

Figure 3. Experimental distribution of*N Ty/T, values for (A) HIV-1 molecule under consideration (without the need for any resonance

protease complexed to DMP323 and (B) the N-tgrminal domain ofgnzyme assignments) but also permits the heteronucleAF, ratios to
I (EIN) measured at 600 MHz. The approximate rms error in the ho \sed for structure refinement, with the proviso that the
experimentalT,/T, ratios is+0.5 for HIV-1 protease ane-1 for EIN. difference between the maximum and minimuRyT, ratios

The values of T/To)xx (To/T2)yy, and [4/T2),; are 10.6, 11.1, and 13.3,

respectively, for HIV-1 protease, and 14.8, 16.3, and 26.5, respectively, exceeds the measurement error by a facior of at least 10.
for EIN. The experimentaPN T,/T ratios, comprising 64 values for the
HIV-1 protease compléxand 116 values for EIN were obtained on
perdeuterateé®N-labeled protein. The data only comprises residues for JA980192M

which there is no significant internal motiéd.
(8) (@) Lam, P. Y. S.; Jadhav, P. K.; Eyerman, C. J.; Hodge, C. N.; Ru, Y.;
) ] ) Bacheler, L. T.; Meek, J. L.; Otto, M. J.; Rayner, M. M.; Wong, Y. N.; Chang,
histogram of the observed heteronuclé&dil, ratios. With three C.-H.; Weber, P. C.; Jackson, D. A.; Sharpe, T. R.; Erickson-Viitanen, S.

unknowns (.C o A, and ’7) and three observables?l’l(l'z)m (T1/ gugncglggzl 263, 380.-384..(b) Liao, D.-1.; Silverton, E.; %eok, Y. -J.; Lee,
. . R., Peterkofsky, A.; Davies, D. RStructure1997 4, 861-872.
To)y and [/ To)x the V_alues O_ffc,eff: A and n (and henceDyy (9) Good agreement is also obtained for the 76 residue protein ubiquitin
Dy,, and D), are readily obtained by nonlinear least-squares with values ofzcer, A, andDy,/Dxx of 4.1 ns, 1.16, and:1.03, respectively,
optimization. calculated on the basis of the known strqctﬁreo'mpared to 4.1 ns, 1.19,
In - h b fh |GafT- ios is limited and 1.05 calculated on the basis of the distributiolT T, values. .

practice, the number of heteronucldafT; ratios is limited, (10) Care should be taken to exclude (a) residues with significant internal

and the assumption of a uniform isotropic distribution of orien- motion characterized byN{-*H} NOE < 0.65* and (b) residues undergoing

; ; i i conformational exchange characterized b JG-T,)/T.0 — (d13-Typ)/
tations need not necessarily apply. To illustrate how this approach [T1)]01.5 x SD, where the average is taken only onver residues that ﬁave not

fairs in practice, we have examinédN T.J/T, data from two  peen excluded because of a low NOE, and T, are theT, and T, values
proteins, HIV-1 protease, a dimer of 99 residues per subunit, of residuen, and SD is the standard deviation calculated for these residues

inhibi R i i using the left-hand side of the equatibitthis criterion is based on the fact
complexed to the inhibitor DMPSZ%and the N-terminal domain that slow conformational exchange short@asut notT,, whereas rotational

OT enzyme | (EIN), a 259 rgsidue monor‘r‘FeFigure 3 i”UStr.ateS diffusion anisotropy results in equal but opposite fractional chang&sand
histograms oftSN T,/T, ratios obtained for the two proteins. A T,*
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