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The heteronuclear NMR relaxation of globular proteins depends
on the anisotropic rotational diffusion tensor. Using our previous
developments for prediction of hydrodynamic properties of arbi-
trarily shaped particles, by means of bead models, we have con-
structed a computational procedure to calculate the rotational
diffusion tensor and other properties of proteins from their de-
tailed, atomic-level structure. From the atomic coordinates file
used to build the bead model, the orientation of the pertinent
dipoles can be extracted and combined with the hydrodynamic
information to predict, for each residue in the protein, the relax-
ation times. All of these developments have been implemented in
a computer program, HYDRONMR, which will be of public
domain. © 2000 Academic Press

Key Words: quasirigid atomic structure; NMR relaxation; hy-
drodynamics; rotational diffusion; correlation and relaxation
times.

namics 8-10, it is accepted that, among the various hydro-
dynamic properties of rigid particles, those related to rotationa
diffusion are most sensitive to size and shape. These aspects
overall macromolecular structure are traditionally investigatec
using other, standard hydrodynamic techniques such as sec
mentation velocity, translational diffusion measurements, so
lution viscometry, and rotational decay of birefringence of
fluorescence anisotropy.

Since the pioneering studies of Bloomfield and co-workers
(11, 12, the hydrodynamic behavior of rigid particles can be
modeled and computed using bead models, composed t
spherical frictional elements. The theoretical and computa
tional aspects of this modeling procedure have evolved ove
the years &, 13—15 and have gained further popularity since

the publication of our public-domain software packages
HYDRO (16) and SOLPRO 17,18 (the latest version of
SOLPRO (8) already includes a primary calculation of NMR
relaxation). On the other hand, over these years, the amount
In addition to the well-known capabilities of NMR spectrosthree-dimensional, atomic-level structural information on mac-

copy as a powerful structure-determination tool, the measuf@molecules has grown enormously. Thus, the prediction o
ment of heteronuclear relaxation can be particularly helpful féydrodynamic properties from bead models based on thos
solving the complex, tridimensional structure of biologica$tructures is a promising possibility. However, special care ha
molecules {, 2. This is, essentially, a consequence of twé be taken when applying continuous hydrodynamics at th
concomitant aspects. One of them is the dependence of @@mic level. Also, some problematic aspects of bead-modelin
relaxation rates on the dynamics of the macromolecule §@lculations, such as bead overlapping and volume correctior
solution. In the particular case of quasirigid protein molecule€L0, 19, 20, may influence the calculations, particularly those
the dynamics can be regarded as a superposition of gloBhrotational properties.

reorientational dynamics of the whole particle and internal In @ recent paperl() we discussed the various procedures
dynamics at a more local level. In such cases, the two clasées bead modeling, pointing out that the particular strategy
of dynamics take place in separate time scales and, as lear@@\wn as shell modeling, as originally proposed by Bloomfield
from the model-independent treatmerg, 4), they can be and co-workersX1, 21, 22, is the most appropriate one for the

readily separated oub). The overall rotational dynamics of description of fine details of macromolecular structure. In a
the quasirigid structure can be expressed in terms of a singlésequent work2@) we have shown how this strategy can be
quantity, the correlation time, which is derivable from the ratiapplied to predict hydrodynamic properties of quasirigid, glob-
of longitudinal and transversal relaxation times, ). For ular proteins from their atomic structure. Our methodology
nonspherical proteins, rotational dynamics is governed byasoids the above-mentioned problematic aspects [which othe
tensorial quantity, the rotational diffusion tensd,, and authors pursuing the same goal may have incurred someho
methods have been recently proposed for the determination(23)] and is able to predict simple hydrodynamic coefficients,
its components. From our knowledge of rigid-body hydrodysuch as the translational diffusion and sedimentation coeffi

1. INTRODUCTION
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cients and intrinsic viscosity, with remarkable precision. This 5

is the methodology that we propose in this paper for the (P,(1)) = > aexp(—t/T), [1]
calculation of the full rotational diffusion tensor of the quasi- =1

rigid structures of globular proteins.

The components of the rotational diffusion tensor contaighere the five rotational relaxation times are = (6D, —
detailed information on thexternalshape of the macromolec-2A)™*, 7, = (3(D, + D)), 7, = (3(D, + D,)) %, 7, =
ular particle. The second, concomitant structural aspect, mgg¢D, + D,)) *, andrs = (6D, + 2A)*, determined by the
tioned at the begin of this Introduction, refers to structure at amean of the three eigenvalues, which is the (scalar) rotation:
even more localinternal level. Recently, heteronuclear relaxdiffusion coefficient,
ation NMR studies of proteins permit the characterization of
the longitudinal and transverse relaxation tinfesand T, for D,= (1/3)TrD,, = (1/3)(D; + D, + D3), [2]
each individual amino acid residue within the protein [for
recent examples, se4, 29]. The T./T, ratios, in which the anq their anisotropyA = (D? + D2 + D? — D,D, —
effects due to an eventual presence of internal motion at thep, — p,D,)"2 The amplitudesa,, depend on the com
residue are eliminated, depend not only on the overall, anis@ynents of the unitary vector along the dipole that is bein
tropic rotational diffusion tensor but also on the orientation @honitored; their expressions are not listed here for the sake c
the amide N-H or C—H bond vector with respect to the eigeBrevity; they can be found elsewhers8( 25, 27, 28
vectors of rotational diffusion. Thus, a list of tAg/T, ratios In NMR, dynamics is observed in the frequency domain, anc
for each residue has great information content about the stryge pertinent function is the spectral density(w), that can be
ture of the protein. directly obtained as the Fourier transform(6¥,(t)) as

We have developed a computer program, HYDRONMR,
whose main input (in addition to simple constants about the "
protein and the NMR experiment) is the atomic coordinates Jo(w) = f (P,(t))coq wt)dt [3]
contained in a protein data bank (PDB) file or similar format. 0
The program builds an appropriate hydrodynamic model of the

protein and computes the fully anisotropic rotational diffusio&hiS definition differs by a factor of 2/5 from the one used by

tensor. A primary NMR quantity, the correlation time, is obginer authors). For the rigid, anisometric particlg(w) is a
tained from this tensor. Then, HYDRONMR proceeds, agaif},m of up to five Lorentzians:

reading the PBD file to extract the vectors or the bonds in-
volved in the dipolar relaxation, and for each residue it calcu-
lates T,, T,, the nuclear Overhauser effect (NOE), and the
T,/T, ratio. We also suggest a procedure for using these ratios
in a way that is practically independent of choice of some
hydrodynamic parameters.

o

Ty
1+ riw?’

Jo(w) = E

k=1

[4]

If the particle is spherical (or more generally, an isometric
body), or if it is considered to be spherical just as an approx
imation, then the three eigenvalues are identibal,= D, =

2. THEORY, MODELS, AND METHODS D; = D,, and there is a simple relaxation timg, = 1/(6D,),

so that
2.1. Rigid-Body Rotational Diffusion
In this section we give a brief summary of rigid-body rota- Jo(w) = ng [5]
tional diffusion. For more details we refer the reader to our 1+ o7

extended description in Refl§). The rotational diffusion of a _ ] ] ]

rigid body is governed by the rotational diffusion tensdy, ~@NdTsn = Tmean Whatever the orientation of the dipole is.
This can be obtained from exact formulas in a few casesEVen when the particle is anisometric, there exists the pos
(ellipsoidal particles), and for an arbitrarily shaped particle {Pility of expressing the rotational dynamics in terms of a
can be calculated using bead modeling methods (see belowjdle Lorentzian like in Eq. [5], with a single, effective
D, can be expressed in terms of its three eigenvaligdD,, elaxation timer.:

and D;, and the corresponding eigenvectors, which give the

three principal directions of the tensor. In many instances, like Jo(@) = Te [6]

in dynamic NMR, rotational diffusion is observed from the 0 1+ tiw?®

time decay of a correlation functiofP,(t)) = (3(u(t) -

u(0))*> — 1)/2 of some vectou within the particle. It can be For a particle of arbitrary shape, is given by the set of the
shown @6, 27) that five 7,’s:
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1 1 1 nucleotides, it is usually assumed that the time of scale o
T 5 > T = 6D.. [7]  internal motions is faster, well separated from rotational dif-
K fusion. Thus, the effective relaxation time,, is appreciably
smaller than the relaxation times of the rigid structutey ,,
7. is denoted in other instances@adecause, as seen in Eq. [7]and, according to the model-free approagh2d),
it is the harmonic mean of the fivg’'s. We employ here the
?hoéagg?;;ggﬁ?;;n is what in NMR terminology is termedg(w) = S2J(w) + (1 — S9) I, (w), [13]

2.2. NMR Relaxation Times where S is the order parameter in the model-free treatment
(0 < S < 1, with Sclose to 1 if the amplitude of internal
The primary quantities determined in NMR relaxation argotion is small); Jo(») is the rigid-body spectral density
the spin-lattice and spin—spin relaxation timésandT,, and fynction, given by Eq. [4], and,(w) = /(1 + w?7?), where
the NOE. These quantities are related to values of the spectrgf 5 combination of, and the harmonic mean relaxation time
density functionJ(w), for specific values of the frequenay, of the rigid particle . (also denoted as..) (Eq. [7]), given by
that are combinations of the Larmor frequencies of the nuclei
involved in the dipolar interactionX (= "*C or *N) and "H.

-1_ -1 -1
Thus, T, andT, and the NOE are given by T Te  F Te [14]

1 More explicitly, we can write
T.= d J(wy — wy) + 3 (wy) + 6J(wy + wy)]
1

5
+ c2J(wy) [8] _e gy ATk gy
x Jw) =S El 15 w2t 1S g7 18]

1
T, (1/2)d?[43(0) + J(wx — wy) + 3I(wy)
In order to gain information on the overall structural of the

+ 6J(wy) + 6J(wx + wy)] macromolecule, the effect of internal motion can be elimi-
+ (1/6)c7[43(0) + 33(wy)] 9] nated: the ratidl,/T, is given by (, 2)
_ 2| _ _
NOE=1+ (’YH/'Yx)d [GJ(CUX + wy) J(wy wH)]Tli TJT, = {4\]0(0) + Jo(wx _ CUH) + 3Jo(w><)
[10]

+ 6Jy(wp) + 6Jy(wy + o)
+ (c?1d?)[434(0) + 3Jo(wx) I}/
{2Jy(wx — wy) + 6Jo(wx)
+ 12)5(wx + wp) + 2(c?d?)Io(wy)}  [16]

where

d? = (1/10) (po/Am) T >y iy r xi (11]

c?=(2/15wi(Ac)? [12]
and depends only on the relaxation times for overall anisotro

In Egs. [11] and [12]# = h/27 = 1.054510% erg- s, where pic rotational diffusion.
h is Planck’s constanty, andy,, are the gyromagnetic ratios Hydrodynamic calculations, such as the bead modeling pro
of 'H andX, respectively (2.675% 10" and—2.71x 10°rad- cedure 8, 16, 10, provide the eigenvalues and eigenvectors of
s+ G, respectively)w, andwy are the Larmor frequenciesthe anisotropic rotational diffusion tensor. From the eigenval-
(27 X 600.13x 10° and 27 X 60.80% 10° for ‘*H and™N at ues, the fiver,’s are calculated. From the eigenvectors, know
a spectrometer frequency of 600 MHe); is the length of the ing the orientation of the<—H bond, the amplitudes are also
X—H bond § . = 1.02x 10 ° cm for the N-H bond); — o,  calculated, so thaly(w) can be obtained for any value af
is the anisotropy of the chemical shift tensor of tkespin This, along with the other NMR constants, allows the calcula-
(0p — o0, = —160 ppm= —160x 10 ° for **N). [The values tion of the T,/T, ratio for anyX—H bond within the macro
given in parentheses correspond to the amiblespin relaxed molecule.
by dipolar coupling to the proton to which it is bound, at an As introduced above, a simplified treatment of NMR relax-
operating frequency of 600 MHz, taken from Re28)(] ation of proteins is possible in terms of an overall relaxation

If the X—H bond belongs to an absolutely rigid structurdjme, 7. (Eq. [7]). The fact that the global shape of globular
J(w) is given by Eq. [4]. However, in most practical cases, thgroteins is approximately spherical gives some support to thi
X—H bonds experience some amount of internal motion thatdpproach. Then, it can be shown that the general expression f
superimposed to the overall (anisotropic) rotational diffusiofl,,/T, (Eq. [16]) reduces to a polynomial of fifth ordern(6).
For nearly rigid structures such as globular proteins or oligd+us, an experimental, value can be extracted from,/T,
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data. An extensive, useful list af values for 75 proteins has
been recently published)

A

2.3. Hydrodynamic Models for Proteins

The procedure for modeling globular proteins from a list of
atomic coordinates (PDB file) has been described in detail in
our previous, recent publicatio2y), as an adaptation to this
problem of the general procedures that we have developed for
building shell models of arbitrary structures0j. LS

We give here just a brief summary of the essential aspects. ;3
A primary hydrodynamic model (PRH) model is constructed
first, replacing each nonhydrogen atom by a spherical element,
having a radiusa, which we call the atomic element radius
(AER). As we have discussed elsewhere, a lower bound for this
radius should be the (typical) van der Waals radii of the atoms
(1.8=2 A), which determine the volume occupied by the mol-
eculein vacuo.However, as a consequence of hydration, one
should expect larger values of the AER; the difference between
the AER and the van der Waals radius would amount to the
thickness of the hydration shell. The AER is in principle
considered an adjustable parameter; in the calculations, it is
varied typically in the ranga = 2-5 A. Figure 1A displays
the PRH for lysozyme.

Although some author20) have reported calculations with
our HYDRO software 16) for PRH models, we think that this
practice is nonadvisable or even risky, for several reasons. As
the distance between spherical elements for neighbor (bonded
atoms is about 1.5 A (the typical bond length), the spherical
radius for the largea’s is much larger, which gives rise to an
exaggerated amount of overlap. As discussed elsewR€je (
the hydrodynamic theory and our HYDRO program contain
some provisions for moderate, occasional overlapping, but the
performance of the procedure when overlapping is so extensive
itis not guaranteed. This is due to difficulties in the description
of hydrodynamic interactions and in the determination of the
volume correction. Another drawback of PRH models is that
the number of element$, is equal to the number of nonhy-
drogen atoms. As the HYDRO CPU time is proportionafo
this procedure may be applicable for small proteins, but it j
not feasible for proteins with molecular weights over, say,
kDa. The procedure for the calculation of hydrodynamic proper-

We propose that these difficulties can be avoided if the PRIés is based on the well-known bead-model methodolog
model is in turn replaced by a shell model. In shell modetsriginally proposed by Bloomfield and co-worker$1( 12,
(11, 21, 22, the surface of an arbitrarily shaped particle ifurther developed by Garcia de la Torre and co-workérs (
represented by a shell of tangent, small beads of radid$hie 10, 13,14 and implemented in the computer program
resulting model, in the example of lysozyme, is shown in FigdYDRO (16). We have recently presented a compilation of the
1B. The hydrodynamic calculations are carried out for variousxderlying theory 10).
values ofo and extrapolated to- = 0. In our previous paper At the core of HYDRONMR there is a simplified version of
(10) we have described the procedures and computer prograf¥DRO (16, 30 in which some features or options of the
for constructing the shell models and for the extrapolationgeneral version are removed or preset. Thus, we have su
These procedures are readily applied to the present caseiiessed the calculation of the sedimentation coefficient and th
which the particle, i.e., the PRH, is the union (in the mathéntrinsic viscosity, which requires data for molecular weight
matical sense) of a set of overlapping spheres. HYDRONMd#d the partial specific volume of the macromolecule. Thes
includes our own subroutines for shell modeling and extrapproperties are less important for the present purpose; the se
lation. imentation coefficient is somehow equivalent to the transla

FIG. 1. (A) Primary hydrodynamic (PRH) model of lysozyme, wih=
3 A. (B) Shell model, witho = 0.8 obtained from the PRH model.

4. Hydrodynamic Calculations
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tional coefficient and, for globular (protein) structures, thealue of 7., after shell modeling and extrapolation, from the
intrinsic viscosity is noticeably insensitive to size and shapBDB file for a given value of the AERs, in the PRH. The
Still, HYDRONMR gives the full 6 X 6 diffusion tensorD fitting of this parameter is done as described in our previou:
(8, 10, which contains the X 3 tensors that describe transpaper 23). First, calculations are carried out far= 2, 3, 4,
lational diffusion,D,, translational-rotation couplind),, and and 5 A. The variation of, with a is slight and nearly linear.
rotational diffusion,D,,. The diffusion center10, 3] is also Then, by interpolation in a graph of vsa, we obtain the value
provided. These properties have a variety of applications, iof a that fits the experimental value of. We have applied this
cluding some in NMR techniques. As mentioned above, timeocedure to a subset of 15 proteins of the large set of Krishna
rotational diffusion coefficients and relaxation times are dend Cosman?) that cover a broad range of molecular weight,
rived from D,,. It is noteworthy that translational diffusionfrom 2.93 to 26.7 kDa. The resulting values for the fitted AER
coefficients can be determined by NMR32(34. Thus, are listed in Table 1. Most of the cases are fitted with value:

HYDRONMR also evaluates thB, as betweena = 2 and 4 A, with an average @ = 3.3 A. The
dispersion resulting value of the AER is small but, as we
D, = (1/3)Tr(Dy). [17] discuss next, it may be biophysically significant.

In their study onr, using a PRH model@) fixed AER (@ =

It is pertinent to recall here that rotational diffusion, albef A), Krishnan and Cosmar¥) observed this variability in a
being so structure-sensitive (and essential for dynamic NMR§/ated aspect: the calculated values are sometimes larger a
presents difficulties for bead-model theory development afmetimes smaller than the experimental ones. As discussed |
computations that have been report@8,(36, approximately these authors, an m_r_nedmte origin _(ap_a_rt from other effects
corrected in terms of the so-called volume correctib®) énd, I|ke_segmental moblllty)_ of the variability is _the ass_umed
finally, fully understood and avoided although at the cost &auivalence of the experimentaland the theoretical, which
some extra computing time7). It has been recently shown™ay fail for highly anisotropic rotors. This observation is
(10) that for the shell-modeling strategy employed in this worl€0ect, but there can be an add_ltlonal, significant reason. In
the volume correction for rotational diffusion is misleading (opeParate work3) we have applied the same shell-modeling

at least unnecessary). Therefore, in HYDRONMR the volunfBéthodology employed here for globular proteins covering &
correction is simply ignored. much wider range of molecular weight (up to about 200 kDa).

We calculated various hydrodynamic properties including
translational diffusion and sedimentation coefficients, rota-
tional diffusion, and intrinsic viscosityr]. In our work, for a
3.1. Rotational Correlation Times given protein, the fitted values @ for different properties
were quite similar; however, from one protein to another we
As mentioned above, the rotational correlation tirgés an  found a small but noticeable variability af around an average
useful indicator of the overall, rotational diffusivity of theygjue of 3.3 A. This average coincides very precisely with the
macromolecule. Experimentally, it can be determined froghe obtained here from. We have ascribed the variability to
T./T, ratios using the polynomial relationships between thige different degree of hydration of different proteins, a fact
ratio andr. (6). This procedure has been applied recently to 8Rat is classically admitte®9—43. The average AER is about
extensive set of proteins by Krishnan and Cosman e 1 5 A |arger than the average van der Waals radius; this can
shall use some experimental values from the compilation B¥cribed, on the average, to a monolayer of water molecule
these authors. We standardize values at different temperatys@gerences in the thickness of the hydration shell may be

3. RESULTS AND DISCUSSION

by referring them to 20°C, using the transformation responsible in part for the fluctuations that we observa. itf
we take a common AERy = 3.3 A for all the proteins, we can
o N0 (273 + 1) R calculater, (directly with our program or simply, by interpo
7(20°C) = n. 293 (t°C), [18]  |ation in the set of results for 3, 4, and 5 A) and compare the

result with the experimental value. The average of the absolut

wheren, is the viscosity of water at the Celsius temperatyre Percentage deviations, listed in Table 1, is 9%. With the
which can be obtained within 0.5% of its true val@)using calculations of Krishnan and Cosman for this set of pro-

the formula teins, the deviation is slightly larger, about 14%.
Anyhow, differences between predicted and experimental
n.=1.7753— 0.0565 + 1.0751x 10 %2 _for small proteins, Iike_ those s_tudied by_ NMR, should b_e
judged generously: a difference in global size of only 0.5 A in
—9.2222X 107%°. [19] an approximately spherical protein of radius 15 A would in-

troduce an uncertainty in the calculatedf 10%.
From hydrodynamic calculations, is extracted from the  The uncertainty or ambiguity introduced in the bead-model
rotational diffusion tensors as the harmonic mean relaxatianalysis of rotational diffusion by the choice of the AER
time, according to Eq. [7]. HYDRONMR gives the calculategharametera, can be removed somehow if another solution
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TABLE 1
Experimental and Calculated Correlation Times
This work Krishnan and Cosman
7,(20°C) a 7(20°C) 7,(20°C)

Protein PDB file M(KD) exp. (ns) A calc. (ns) % Diff. calc., K-C % Diff.
Savinase 1svn 26.70 12.4 2.6 13.67 10.3 13.28 7.1
HIV-1 protease 1lbvg 21.58 13.2 3.5 13.73 4.0 11.33 -14.2
Leukemia inh. factor 1lki 19.10 14.9 4.3 12.73 -145 11.31 —24.1
Interleukin-18 6ilb 17.40 12.4 3.6 11.88 —-4.2 10.31 -16.9
Lysozyme 1lhwa 14.32 8.3 3.1 8.60 3.6 8.45 1.8
Trp-repressor Twrt 11.89 23.1 2.3 26.29 13.6 24.36 53
Barstar C40/82A lbta 10.14 7.4 4.2 6.20 -16.3 4.81 —35.0
Cytochromebs 1wdb 9.61 6.1 2.8 6.60 8.2 5.35 -12.3
Ubiquitin lubq 8.54 5.4 3.0 5.87 8.8 5.24 -3.0
Calbindin-D9k apo 1clb 8.43 4.9 2.8 5.44 11.0 4.77 —-2.7
Calbindin-D9k apo 2bca 8.43 5.1 3.2 5.16 1.1 4.5 -11.8
Eglin ¢ legl 8.15 6.2 3.2 6.28 1.3 5.45 -12.1
BPTI 1pit 6.16 4.4 3.0 4.73 7.6 4.48 1.8
Xfin-zinc finger DBD 1znf 2.93 2.4 3.8 2.15 —-11.4 1.73 —28.8
Mean value 3.2 8.4 13.0

property is included in the analysis. An appropriate way teamic properties can be combined into compound quantitie
estimate the value to be used for the calculation of relaxatiomvhich are size-independent, i.e., that remain constant when tt
times can be based on the translational diffusion coefficiepirticle is uniformly expanded. With, andD, we can simply
D,, which, as commented above, is another outcome ef dprmulate the combinatio®,”*/D,. As noticed in Table 2, the
namic NMR measurements. The variation of the calcul@ted calculated values of this quantity are practically independent o
with a is practically linear, and this estimation can be precisely and agree well with the value from experimental data.
made by linear intrapolation in a list @, vs a values (Table  Recently, the characterization of the fully anisotropic rota-
2), wherea would take, for instance the valuas= 2, 3, and tional diffusion, i.e., particularly the determination of the main
4 A. Choosing lysozyme as well-documented case, from themponents of the rotational diffusion tensor, is being at-
experimentaD, = 10.9 X 10" cm® s™* (42—45, we obtain tempted 24, 25, 47. Two or more such rotational quantities
a = 3.0 A, for which we interpolat®, = 2.04 X 10, i.e., can be combined into some dimensionless form which, a:
7. = 8.16 ns, in very good agreement with the experimentélustrated in Table 2, is very insensitive to the valueacénd
value, 7. = 8.33 @46). depends essentially on the shape of the protein. This is illus
A change in the value ad modifies the size of the modeltrated with calculated values and experimental res@u for
uniformly, while its shape remains unchanged. Two hydrody#lV-1 protease in Table 3. It is clear that the values of ratios
such as B,/(D, + D,) or D,/D, depend very slightly on the
a parameter. With the experimental we obtain for this
proteina ~ 3.5 A. The numerical values of the ratios that
corresponding to this are in acceptable agreement with th
Calculated experimental data (regarding the limitations of the rigid body
assumption; see below). All of these quantities are evaluate
a=2A a=3A a=4A Experimental phy HYDRONMR.

TABLE 2
Rotational and Translational Diffusion Constants for Lysozyme

D, X 10" cm?s* 115 10.9 10.2 10.9 : : :
D. x 107 s 5 38 504 167 20 3.2. T, and T, Relaxation Times and the, /T2 Ratio

13 —8 —2 /3 . . .
DD, X 107 em* & 2.50 251 251 2:49 As indicated above, the second stage in the HYDRONMR
D, X 10 "s 2.37 1.94 1.64 lculati beai ith th tracti £ th it
D, X 107 s 530 188 159 calculations begins with the extraction of the uni aty )
D, x 107 s 341 266 221 vectors K being the amide N or @) from the same PDB file
2D,/(D, + D,) 1.460 1.397 1.367 (alternatively, a user-supplied file may be given). Then, the
D./D, 1.032 1.031 1.029 program calculates straightforwardly the valuesTaf T,
Rhombicity factor 0.102 0.117 0.119

NOE, and theT,/T, ratio. This calculation only require as
Note. D, D,, andD, are the three eigenvalued(®, D?. D¥, assigned so additional data the various NMR constants that determine th

that (a)D, andD, are the pair of eigenvalues closest to each other, Bjtk- ~ CONStants andd in Egs. [8]-[12]. A list of the values of ,,
D,. The rhombicity factor is defined gD, — D,)/(D, — (D, + D,)). T,, NOE, andT,/T, for each vector (for each amino acid
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TABLE 3
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Anisotropic Rotational Diffusion of HIVV-1 Protease

Calculated

for 7. and those for the individual components of the rotational
tensor (i.e., the coefficients characterizing rotational diffusion
anisotropy) would be most reliable, as it has been proved fo
other hydrodynamic coefficients. As described in the NMR

a=2A a=3A a=4A Experimental () elaxation literature, the effect of fast, small-amplitude motions
is eliminated in theT,/T,. Discarding the residues for which

7e (ns) 10.21 12.21 14.1 10.8 this is not valid requires decisions based on a previous exan
-7 o—lab . . . .

D, x 107" s 1412 1.188 1.036 ination of the protein structure and the relaxation data. More

D, X 107 s ' 1.355 1.149 1.001 . : S

D % 10-7 g1%b 5130 1785 1507 problematic may be the existence of flexibility at a larger scale

2D,/(D, + D) 1.540 1.528 1.480 1.37 (hinge-bending motions, flexible tails, or protruding pa#s)(

D,/D, 1.042 1.034 1.035 1.08 etc.). Then not only would th€,/T, andV,; values be affected,

cos 6 0.98 0.98 0.98 0.99 but also the apparent rotational diffusion anisotropy can b

et i influenced 48). In such a case, other techniques (perhap:

, Se elgrei:(’j éo ES dicated in Table 2 molecular dynamics simulation) will be needed to complemen

¢ 0 is the angle between the third eigenvector andzfaxis of the PDB HYDRONMR. A_‘nOt_her aspect to be recalled in this context is
coordinates. that the hydration-independei; values are close to zero

because globular proteins are not too elongated (obviously

V. = 0) for an isotropic rotor. The experimental errorsTin

residue) is produced by the computer program. In Fig. 2 W4 T, accumulate inT,/T, and they are further propagated
present the results of such a calculation for lysozyme (whichds,q enlarged in the values & So, the user should judge
chosen for this illustrative purpose because it has a quite lafgRether the experimentally observed variation& aflong the

rotational diffusion anisotropy). As in the case®f calcula  otein sequence will be significantly over those errors. On th

tions of these quantities are done for some values of the ABRysis that all of these limitations are properly considered, th
a, on which all these quantities show a remarkable depen-

dence, as illustrated in Fig. 2. This was to be expected; thus, the

T.,/T, values depend primarily (apart from their fluctuation) on A 137 _®— a=2
7., which in turn depends on AER. 12 L—Z— ajj
We have already indicated that the AER should be some- 1ML A =
where in the ranga = 2—4 A, with a consensus value af= C et M /A%AA R
3.3 A. If a previous analysis of the value efhas been made 0rped ) ad s a A £
(eventually includingD,) and a has been fitted, it would be 9‘% WX
used for the calculation of ,/T,. Anyhow, the ambiguity in ~ gl L =
the choice of this parameter again poses some doubt in the final Ev 21 F@U/D.. E{mtﬂmb E’D q ;EF\ L
results. Fortunately, from our numerical results for various tf &
values ofa we have discovered a trend that may be extremely 6
useful for the joint analysis of computed and experimental 5
results. If, rather than the ratios for each of tAg/{,); with 4
i =1,...N. we employ their relative deviation§,;, .
Vi= ((TJTy)i — (TJT))TIT) [20] B Og
A L
with respect to the average over thgresidues in the protein, tj 02+
E 0.1
(TJ/Ty) = (1/Ned E (TdT2)i, [21] 7:\‘
i = 0.0
N 01
then the values oV, are remarkably insensitive to the value of '_'N i
a. The series oV, values for the successive residues of the :F 0.2 -
protein contains a great deal of information regarding notonly ™~ 4 ‘ : ( ! ‘ ! .
the detailed three-dimensional shape of the macromolecule, but 20 30 40 50 60
also the disposition of the residues within it. residue number

In order to compare HYDRONMR computed values of _ _ ,
T./T. andV. with experimental results. the user should bear i FIG. 2. Typical results from a HYDRORMN calculation of residue-
iz i p ! Ié-[!)ecifichlT2 ratios. (A) Calculated ratios of ,/T, for residues 30-70 of

mind the validity and limitations of the underlying methodolysozyme in*N NMR relaxation, at 600 MHz, with different values of the
ogy. If the protein molecule were absolutely rigid, the resulmrameter. (B) Results calculated for the quantiWiegEqgs. [20] and [21]).
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possibility of analyzingT,/T, ratios in this way, using the
computer program HYDRONMR, makes it a promising tool
for structural characterization of proteins and other macromof
ecules from NMR relaxation.

4. CONCLUDING REMARKS AND
COMPUTER PROGRAMS

We have presented HYDRONMR, a new computational toosls'
for the prediction of translational and fully anisotropic, rota-
tional diffusion coefficients and NMR relaxation times of qua-9.
sirigid macromolecules. The calculation is made directly from
the atomic coordinates, just taken from a PDB file. In this paper
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copy: Application to staphylococcal nuclease, Biochemistry 28,
8972-8979 (1989).

W. R. Carper and C. E. Keller, Direct determination of NMR corre-
lation times from spin-lattice and spin-spin relaxation times, J.
Phys. Chem. 101, 3246-3250 (1997).

. V. V. Krishnan and M. Cosman, An empirical relationship between

rotational correlation time and solvent accessible surface area,
J. Biomol. NMR 12, 177-182 (1998).

J. Garcia de la Torre and V. A. Bloomfield, Hydrodynamic proper-
ties of complex, rigid, biological macromolecules. Theory and ap-
plications, Q. Rev. Biophys. 14, 81-139 (1981).

J. Garcia de la Torre, Rotational diffusion coefficients, in “Molecular
Electro-Optics” (S. Krause, Ed.), pp. 75-103, Plenum Press, New
York, 1981.

we describe the theory and, mostly, the modeling procedupé)s B. Carrasco and J. Garcia de la Torre, Hydrodynamic properties of

that are implemented in HYDRONMR. The prediction of the
simplest relaxation quantity, the correlation time, is tested f

rigid particles: Comparison of different modelling and computa-
tional procedures, Biophys. J. 76, 3044-3057 (1999).

. . . ?5 V. A. Bloomfield, W. O. Dalton, and K. E. Van Holde, Frictional
a number of proteins, and the results are discussed in terms of

coefficients of multisubunit structures. |. Theory, Biopolymers 5,

the choice of a hydrodynamic parameter; a standard value of 135-148 (1967).

about 3.3 A may yield satisfactory values. On the basis thgt
the protein shape is appreciably rigid and anisotropic,
HYDRONMR enables the calculation of the residue-specific.
quantitiesT,/T, andV. HYDRONMR allows for further cal
culation of the translational diffusion coefficient, which is of
further help for model building and parameterization. Obvi#-
ously, further work will be needed to assess the performance of
this tool and to apply it to cases of special interest. In order to
make HYDRONMR widely available, it will be of public ;5
domain, downloadable in the form of source code from our
Web site, http://leonardo.fcu.um/macromol, where other com-
putational tools for prediction of solution properties, including
HYDRO, SOLPRO, and HYDROPROT, are also available. 16.
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