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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.

1. INTRODUCTION

In addition to the well-known capabilities of NMR spectr
copy as a powerful structure-determination tool, the mea
ment of heteronuclear relaxation can be particularly helpfu
solving the complex, tridimensional structure of biolog
molecules (1, 2). This is, essentially, a consequence of
concomitant aspects. One of them is the dependence o
relaxation rates on the dynamics of the macromolecu
solution. In the particular case of quasirigid protein molecu
the dynamics can be regarded as a superposition of g
reorientational dynamics of the whole particle and inte
dynamics at a more local level. In such cases, the two cl
of dynamics take place in separate time scales and, as le
from the model-independent treatment (3, 4), they can b
eadily separated out (5). The overall rotational dynamics
he quasirigid structure can be expressed in terms of a s
uantity, the correlation time, which is derivable from the r
f longitudinal and transversal relaxation times (6, 7). For
onspherical proteins, rotational dynamics is governed

ensorial quantity, the rotational diffusion tensor,Drr, and
methods have been recently proposed for the determinat
its components. From our knowledge of rigid-body hydro
1381090-7807/00 $35.00
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namics (8–10), it is accepted that, among the various hyd
ynamic properties of rigid particles, those related to rotati
iffusion are most sensitive to size and shape. These aspe
verall macromolecular structure are traditionally investig
sing other, standard hydrodynamic techniques such as
entation velocity, translational diffusion measurements

ution viscometry, and rotational decay of birefringence
uorescence anisotropy.
Since the pioneering studies of Bloomfield and co-wor

11, 12), the hydrodynamic behavior of rigid particles can
modeled and computed using bead models, compose
spherical frictional elements. The theoretical and comp
tional aspects of this modeling procedure have evolved
the years (8, 13–15) and have gained further popularity sin
the publication of our public-domain software packa
HYDRO (16) and SOLPRO (17, 18) (the latest version o
SOLPRO (18) already includes a primary calculation of NM
elaxation). On the other hand, over these years, the amo
hree-dimensional, atomic-level structural information on m
omolecules has grown enormously. Thus, the predictio
ydrodynamic properties from bead models based on
tructures is a promising possibility. However, special care
o be taken when applying continuous hydrodynamics a
tomic level. Also, some problematic aspects of bead-mod
alculations, such as bead overlapping and volume correc
10, 19, 20), may influence the calculations, particularly th
f rotational properties.
In a recent paper (10) we discussed the various procedu

or bead modeling, pointing out that the particular stra
nown as shell modeling, as originally proposed by Bloom
nd co-workers (11, 21, 22), is the most appropriate one for t
escription of fine details of macromolecular structure.
ubsequent work (23) we have shown how this strategy can
pplied to predict hydrodynamic properties of quasirigid, g
lar proteins from their atomic structure. Our methodol
voids the above-mentioned problematic aspects [which
uthors pursuing the same goal may have incurred som
23)] and is able to predict simple hydrodynamic coefficie
uch as the translational diffusion and sedimentation co
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139COMMUNICATIONS
cients and intrinsic viscosity, with remarkable precision. T
is the methodology that we propose in this paper for
calculation of the full rotational diffusion tensor of the qua
rigid structures of globular proteins.

The components of the rotational diffusion tensor con
detailed information on theexternalshape of the macromole
ular particle. The second, concomitant structural aspect,
tioned at the begin of this Introduction, refers to structure a
even more local,internal level. Recently, heteronuclear rela
ation NMR studies of proteins permit the characterizatio
the longitudinal and transverse relaxation timesT1 andT2 for
each individual amino acid residue within the protein
recent examples, see (24, 25)]. The T2/T1 ratios, in which the
effects due to an eventual presence of internal motion a
residue are eliminated, depend not only on the overall, a
tropic rotational diffusion tensor but also on the orientatio
the amide N–H or C–H bond vector with respect to the ei
vectors of rotational diffusion. Thus, a list of theT2/T1 ratios
for each residue has great information content about the
ture of the protein.

We have developed a computer program, HYDRON
whose main input (in addition to simple constants abou
protein and the NMR experiment) is the atomic coordin
contained in a protein data bank (PDB) file or similar form
The program builds an appropriate hydrodynamic model o
protein and computes the fully anisotropic rotational diffus
tensor. A primary NMR quantity, the correlation time, is
tained from this tensor. Then, HYDRONMR proceeds, a
reading the PBD file to extract the vectors or the bonds
volved in the dipolar relaxation, and for each residue it ca
lates T1, T2, the nuclear Overhauser effect (NOE), and
T2/T1 ratio. We also suggest a procedure for using these r
in a way that is practically independent of choice of so
hydrodynamic parameters.

2. THEORY, MODELS, AND METHODS

2.1. Rigid-Body Rotational Diffusion

In this section we give a brief summary of rigid-body ro
tional diffusion. For more details we refer the reader to
extended description in Ref. (18). The rotational diffusion of
igid body is governed by the rotational diffusion tensor,Drr.

This can be obtained from exact formulas in a few c
(ellipsoidal particles), and for an arbitrarily shaped partic
can be calculated using bead modeling methods (see be
Drr can be expressed in terms of its three eigenvaluesD 1, D 2,
and D 3, and the corresponding eigenvectors, which give
three principal directions of the tensor. In many instances
in dynamic NMR, rotational diffusion is observed from
time decay of a correlation function̂P2(t)& [ ^3(u(t) z
u(0))2 2 1&/2 of some vectoru within the particle. It can b
shown (26, 27) that
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^P2~t!& 5 O
l51

5

alexp~2t/t l!, [1]

where the five rotational relaxation times aret 1 5 (6D r 2
2D)21, t 2 5 (3(D r 1 D 1))

21, t 3 5 (3(D r 1 D 2))
21, t 4 5

(3(D r 1 D 3))
21, andt 5 5 (6D r 1 2D)21, determined by th

mean of the three eigenvalues, which is the (scalar) rotat
diffusion coefficient,

D r 5 ~1/3!Tr Drr 5 ~1/3!~D1 1 D2 1 D3!, [2]

nd their anisotropy,D 5 (D 1
2 1 D 2

2 1 D 3
2 2 D 1D 2 2

1D 3 2 D 2D 3)
1/ 2. The amplitudes,al , depend on the com-

ponents of the unitary vector along the dipole that is b
monitored; their expressions are not listed here for the sa
brevity; they can be found elsewhere (18, 25, 27, 28).

In NMR, dynamics is observed in the frequency domain,
the pertinent function is the spectral density,J0(v), that can b
directly obtained as the Fourier transform of^P2(t)& as

J0~v! 5 E
0

`

^P2~t!&cos~vt!dt [3]

this definition differs by a factor of 2/5 from the one used
ther authors). For the rigid, anisometric particle,J0(v) is a

sum of up to five Lorentzians:

J0~v! 5 O
k51

5 aktk

1 1 t k
2v 2 . [4]

If the particle is spherical (or more generally, an isome
body), or if it is considered to be spherical just as an app
imation, then the three eigenvalues are identical,D 1 5 D 2 5
D 3 5 D r, and there is a simple relaxation timetsph 5 1/(6D r),
so that

J0~v! 5
tsph

1 1 v 2t sph
2 [5]

ndtsph 5 tmean, whatever the orientation of the dipole is.
Even when the particle is anisometric, there exists the

sibility of expressing the rotational dynamics in terms o
single Lorentzian like in Eq. [5], with a single, effecti
relaxation time,tc:

J0~v! 5
tc

1 1 t c
2v 2 . [6]

For a particle of arbitrary shape,tc is given by the set of th
five t ’s:
k
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1

tc
5

1

5 O
k

1

tk
5 6D r. [7]

tc is denoted in other instances asth because, as seen in Eq. [
it is the harmonic mean of the fivet k’s. We employ here th
notationtc because it is what in NMR terminology is term
he correlation time.

.2. NMR Relaxation Times

The primary quantities determined in NMR relaxation
he spin–lattice and spin–spin relaxation times,T1 andT2, and
he NOE. These quantities are related to values of the sp
ensity function,J(v), for specific values of the frequencyv,

that are combinations of the Larmor frequencies of the n
involved in the dipolar interaction,X (5 13C or 15N) and 1H.
Thus,T1 andT2 and the NOE are given by

1

T1
5 d2@ J~vX 2 vH! 1 3J~vX! 1 6J~vX 1 vH!#

1 c2J~vX! [8]

1

T2
5 ~1/ 2!d2@4J~0! 1 J~vX 2 vH! 1 3J~vX!

1 6J~vH! 1 6J~vX 1 vH!#

1 ~1/6!c2@4J~0! 1 3J~vX!# [9]

NOE5 1 1 ~gH/gX!d2@6J~vX 1 vH! 2 J~vX 2 vH!#T1,

[10]

where

d2 5 ~1/10!~m0/4p!\ 2g H
2g X

2r XH
26 [11]

c2 5 ~2/15!v X
2~Ds! 2. [12]

In Eqs. [11] and [12],\ 5 h/ 2p 5 1.054510227 ergz s, where
is Planck’s constant;gX andgH are the gyromagnetic rati

of 1H andX, respectively (2.67533 104 and22.713 103 rad z
21 z G21, respectively);vH andvN are the Larmor frequenci

(2p 3 600.133 106 and 2p 3 60.803 106 for 1H and 15N at
a spectrometer frequency of 600 MHz);r HX is the length of th
X–H bond (r HN 5 1.023 1028 cm for the N–H bond);si 2 s'

is the anisotropy of the chemical shift tensor of theX spin
(si 2 s' 5 2160 ppm5 21603 1026 for 15N). [The values
given in parentheses correspond to the amide15N spin relaxed
by dipolar coupling to the proton to which it is bound, at
operating frequency of 600 MHz, taken from Ref. (28).]

If the X–H bond belongs to an absolutely rigid structu
(v) is given by Eq. [4]. However, in most practical cases,

X–H bonds experience some amount of internal motion th
superimposed to the overall (anisotropic) rotational diffus
For nearly rigid structures such as globular proteins or o
e

tral

ei

,
e
is
.
-

nucleotides, it is usually assumed that the time of sca
internal motions is faster, well separated from rotational
fusion. Thus, the effective relaxation time,te, is appreciabl
smaller than the relaxation times of the rigid structure,te @ t k,
and, according to the model-free approach (3, 24),

J~v! 5 S2J0~v! 1 ~1 2 S2!Jint~v!, [13]

where S is the order parameter in the model-free treatm
(0 , S , 1, with S close to 1 if the amplitude of intern
motion is small); J0(v) is the rigid-body spectral dens
function, given by Eq. [4], andJ int(v) 5 t/(1 1 v2t2), where
t is a combination ofte and the harmonic mean relaxation ti
of the rigid particle,tc (also denoted ast iso) (Eq. [7]), given by

t 21 5 t c
21 1 t e

21. [14]

More explicitly, we can write

J~v! 5 S2 O
k51

5 aktk

1 1 v 2t k
2 1 ~1 2 S2!

t

1 1 v 2t 2 . [15]

n order to gain information on the overall structural of
acromolecule, the effect of internal motion can be el
ated: the ratioT1/T2 is given by (1, 2)

T1/T2 5 $4J0~0! 1 J0~vX 2 vH! 1 3J0~vX!

1 6J0~vH! 1 6J0~vX 1 vH!

1 ~c2/d2!@4J0~0! 1 3J0~vX!#%/

$2J0~vX 2 vH! 1 6J0~vX!

1 12J0~vX 1 vH! 1 2~c2/d2!J0~vX!% [16]

and depends only on the relaxation times for overall anis
pic rotational diffusion.

Hydrodynamic calculations, such as the bead modeling
cedure (8, 16, 10), provide the eigenvalues and eigenvector
the anisotropic rotational diffusion tensor. From the eigen
ues, the fivet k’s are calculated. From the eigenvectors, kn-
ing the orientation of theX–H bond, the amplitudes are a
calculated, so thatJ0(v) can be obtained for any value ofv.
This, along with the other NMR constants, allows the calc
tion of the T1/T2 ratio for anyX–H bond within the macro-
molecule.

As introduced above, a simplified treatment of NMR re
ation of proteins is possible in terms of an overall relaxa
time, tc (Eq. [7]). The fact that the global shape of globu
proteins is approximately spherical gives some support to
approach. Then, it can be shown that the general expressi
T2/T1 (Eq. [16]) reduces to a polynomial of fifth order intc (6).
Thus, an experimentalt value can be extracted fromT /T
c 2 1
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data. An extensive, useful list oftc values for 75 proteins h
been recently published (7).

2.3. Hydrodynamic Models for Proteins

The procedure for modeling globular proteins from a lis
atomic coordinates (PDB file) has been described in det
our previous, recent publication (23), as an adaptation to th

roblem of the general procedures that we have develope
uilding shell models of arbitrary structures (10).
We give here just a brief summary of the essential asp
primary hydrodynamic model (PRH) model is construc

rst, replacing each nonhydrogen atom by a spherical ele
aving a radius,a, which we call the atomic element rad
AER). As we have discussed elsewhere, a lower bound fo
adius should be the (typical) van der Waals radii of the a
1.8–2 Å), which determine the volume occupied by the m
culein vacuo.However, as a consequence of hydration,
hould expect larger values of the AER; the difference betw
he AER and the van der Waals radius would amount to
hickness of the hydration shell. The AER is in princi
onsidered an adjustable parameter; in the calculations
aried typically in the rangea 5 2–5 Å. Figure 1A display
he PRH for lysozyme.

Although some authors (29) have reported calculations w
ur HYDRO software (16) for PRH models, we think that th
ractice is nonadvisable or even risky, for several reason

he distance between spherical elements for neighbor (bo
toms is about 1.5 Å (the typical bond length), the sphe
adius for the largera’s is much larger, which gives rise to
xaggerated amount of overlap. As discussed elsewher20)

he hydrodynamic theory and our HYDRO program con
ome provisions for moderate, occasional overlapping, bu
erformance of the procedure when overlapping is so exte

t is not guaranteed. This is due to difficulties in the descrip
f hydrodynamic interactions and in the determination of
olume correction. Another drawback of PRH models is
he number of elements,N, is equal to the number of nonh
rogen atoms. As the HYDRO CPU time is proportional toN3,

this procedure may be applicable for small proteins, but
not feasible for proteins with molecular weights over, say
kDa.

We propose that these difficulties can be avoided if the
model is in turn replaced by a shell model. In shell mo
(11, 21, 22), the surface of an arbitrarily shaped particle
represented by a shell of tangent, small beads of radiuss. The
resulting model, in the example of lysozyme, is shown in
1B. The hydrodynamic calculations are carried out for var
values ofs and extrapolated tos 5 0. In our previous pape
(10) we have described the procedures and computer prog
for constructing the shell models and for the extrapolati
These procedures are readily applied to the present ca
which the particle, i.e., the PRH, is the union (in the ma
matical sense) of a set of overlapping spheres. HYDRON
includes our own subroutines for shell modeling and extr
lation.
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2.4. Hydrodynamic Calculations

The procedure for the calculation of hydrodynamic pro
ties is based on the well-known bead-model methodo
originally proposed by Bloomfield and co-workers (11, 12),
further developed by Garcia de la Torre and co-workers8–
10, 13, 14) and implemented in the computer progr
HYDRO (16). We have recently presented a compilation of
underlying theory (10).

At the core of HYDRONMR there is a simplified version
HYDRO (16, 30) in which some features or options of
general version are removed or preset. Thus, we have
pressed the calculation of the sedimentation coefficient an
intrinsic viscosity, which requires data for molecular we
and the partial specific volume of the macromolecule. T
properties are less important for the present purpose; the
imentation coefficient is somehow equivalent to the tran

FIG. 1. (A) Primary hydrodynamic (PRH) model of lysozyme, witha 5
Å. (B) Shell model, withs 5 0.8 obtained from the PRH model.
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tional coefficient and, for globular (protein) structures,
intrinsic viscosity is noticeably insensitive to size and sh
Still, HYDRONMR gives the full 63 6 diffusion tensorD
(8, 10), which contains the 33 3 tensors that describe tra
lational diffusion,D tt, translational-rotation coupling,D tr, and
rotational diffusion,Drr. The diffusion center (10, 31) is also
provided. These properties have a variety of applications
cluding some in NMR techniques. As mentioned above
rotational diffusion coefficients and relaxation times are
rived from Drr. It is noteworthy that translational diffusio
coefficients can be determined by NMR (32–34). Thus
HYDRONMR also evaluates theD t as

D t 5 ~1/3!Tr~Dtt!. [17]

It is pertinent to recall here that rotational diffusion, alb
being so structure-sensitive (and essential for dynamic N
presents difficulties for bead-model theory development
computations that have been reported (35, 36), approximately
corrected in terms of the so-called volume correction (19) and,
finally, fully understood and avoided although at the cos
some extra computing time (37). It has been recently show
10) that for the shell-modeling strategy employed in this w
he volume correction for rotational diffusion is misleading
t least unnecessary). Therefore, in HYDRONMR the vol
orrection is simply ignored.

3. RESULTS AND DISCUSSION

3.1. Rotational Correlation Times

As mentioned above, the rotational correlation timetc is an
useful indicator of the overall, rotational diffusivity of t
macromolecule. Experimentally, it can be determined f
T1/T2 ratios using the polynomial relationships between
ratio andtc (6). This procedure has been applied recently t
extensive set of proteins by Krishnan and Cosman (7). We
shall use some experimental values from the compilatio
these authors. We standardize values at different temper
by referring them to 20°C, using the transformation

tc~208C! 5
h20

h t

~2731 t!

293
tc~t8C!, [18]

hereh t is the viscosity of water at the Celsius temperatut,
which can be obtained within 0.5% of its true value (38) using
the formula

h t 5 1.77532 0.0565t 1 1.07513 1023t 2

2 9.22223 1026t 3. [19]

From hydrodynamic calculations,tc is extracted from th
rotational diffusion tensors as the harmonic mean relax
time, according to Eq. [7]. HYDRONMR gives the calcula
e
e.

n-
e
-

t
),
d

f

,
r
e

s
n

y
res

n

value of tc, after shell modeling and extrapolation, from
PDB file for a given value of the AERs,a, in the PRH. Th
fitting of this parameter is done as described in our prev
paper (23). First, calculations are carried out fora 5 2, 3, 4,

nd 5 Å. The variation oftc with a is slight and nearly linea
Then, by interpolation in a graph oftc vsa, we obtain the valu
of a that fits the experimental value oftc. We have applied th
procedure to a subset of 15 proteins of the large set of Kris
and Cosman (7) that cover a broad range of molecular weig
from 2.93 to 26.7 kDa. The resulting values for the fitted A
are listed in Table 1. Most of the cases are fitted with va
betweena 5 2 and 4 Å, with an average ofa 5 3.3 Å. The

ispersion resulting value of the AER is small but, as
iscuss next, it may be biophysically significant.
In their study ontc using a PRH model (29) fixed AER (a 5

5 Å), Krishnan and Cosman (7) observed this variability in
related aspect: the calculated values are sometimes larg
sometimes smaller than the experimental ones. As discuss
these authors, an immediate origin (apart from other eff
like segmental mobility) of the variability is the assum
equivalence of the experimentaltc and the theoreticalth, which
may fail for highly anisotropic rotors. This observation
correct, but there can be an additional, significant reason
separate work (23) we have applied the same shell-mode

ethodology employed here for globular proteins coveri
uch wider range of molecular weight (up to about 200 k
e calculated various hydrodynamic properties inclu

ranslational diffusion and sedimentation coefficients, r
ional diffusion, and intrinsic viscosity [h]. In our work, for a
given protein, the fitted values ofa for different propertie
were quite similar; however, from one protein to another
found a small but noticeable variability ofa, around an averag
value of 3.3 Å. This average coincides very precisely with
one obtained here fromtc. We have ascribed the variability
the different degree of hydration of different proteins, a
that is classically admitted (39–41). The average AER is abo

.5 Å larger than the average van der Waals radius; this c
scribed, on the average, to a monolayer of water molec
ifferences in the thickness of the hydration shell may

esponsible in part for the fluctuations that we observe ina. If
e take a common AER,a 5 3.3 Å for all the proteins, we ca
alculatetc (directly with our program or simply, by interp-

lation in the set of results for 3, 4, and 5 Å) and compare
result with the experimental value. The average of the abs
percentage deviations, listed in Table 1, is 9%. With thtc

calculations of Krishnan and Cosman (7) for this set of pro
teins, the deviation is slightly larger, about 14%.

Anyhow, differences between predicted and experimentc

for small proteins, like those studied by NMR, should
judged generously: a difference in global size of only 0.5
an approximately spherical protein of radius 15 Å would
troduce an uncertainty in the calculatedt of 10%.

The uncertainty or ambiguity introduced in the bead-m
analysis of rotational diffusion by the choice of the A
parameter,a, can be removed somehow if another solu
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property is included in the analysis. An appropriate wa
estimate thea value to be used for the calculation of relaxa
times can be based on the translational diffusion coeffic
D t, which, as commented above, is another outcome o-
namic NMR measurements. The variation of the calculateD t

with a is practically linear, and this estimation can be preci
made by linear intrapolation in a list ofD t vs a values (Tabl
2), wherea would take, for instance the valuesa 5 2, 3, and

Å. Choosing lysozyme as well-documented case, from
xperimentalD t 5 10.9 3 1027 cm2 s21 (42–45), we obtain

a 5 3.0 Å, for which we interpolateD r 5 2.04 3 107, i.e.,
tc 5 8.16 ns, in very good agreement with the experime
value,tc 5 8.33 (46).

A change in the value ofa modifies the size of the mod
niformly, while its shape remains unchanged. Two hydr

TAB
Experimental and Calc

Protein PDB file M(KD)
tc(20°C)
exp. (ns)

avinase 1svn 26.70 12.4
IV-1 protease 1bvg 21.58 13.2
eukemia inh. factor 1lki 19.10 14.9

nterleukin-1b 6i1b 17.40 12.4
Lysozyme 1hwa 14.32 8.3
Trp-repressor 1wrt 11.89 23.1
Barstar C40/82A 1bta 10.14 7.4
Cytochromeb5 1wdb 9.61 6.1
Ubiquitin 1ubq 8.54 5.4
Calbindin-D9k apo 1clb 8.43 4.9
Calbindin-D9k apo 2bca 8.43 5.1
Eglin c 1egl 8.15 6.2
BPTI 1pit 6.16 4.4
Xfin-zinc finger DBD 1znf 2.93 2.4
Mean value

TABLE 2
Rotational and Translational Diffusion Constants for Lysozyme

Calculated

Experimentaa 5 2 Å a 5 3 Å a 5 4 Å

t 3 107 cm2 s21 11.5 10.9 10.2 10.9
D r 3 1027 s21 2.38 2.04 1.67 2.0
D r

1/3/D t 3 1028 cm22 s2/3 2.50 2.51 2.51 2.49
Dx 3 1027 s21 2.37 1.94 1.64
Dy 3 1027 s21 2.30 1.88 1.59
Dz 3 1027 s21 3.41 2.66 2.21
2Dz/(Dx 1 Dy) 1.460 1.397 1.367
Dx/Dy 1.032 1.031 1.029
Rhombicity factor 0.102 0.117 0.119

Note. Dx, Dy, andDz are the three eigenvalues,D r
(1), D r

(2). D r
(3), assigned s

that (a)Dx andDy are the pair of eigenvalues closest to each other, withDx .
D . The rhombicity factor is defined as3 (D 2 D )/(D 2 1 (D 1 D )).
y 2 x y z 2 x y
o

t,
y

ly

e

al

-

amic properties can be combined into compound quan
hich are size-independent, i.e., that remain constant whe
article is uniformly expanded. WithD t andD r we can simply

formulate the combinationD r
1/3/D t. As noticed in Table 2, th

calculated values of this quantity are practically independe
a and agree well with the value from experimental data.

Recently, the characterization of the fully anisotropic r
tional diffusion, i.e., particularly the determination of the m
components of the rotational diffusion tensor, is being
tempted (24, 25, 47). Two or more such rotational quantit
can be combined into some dimensionless form which
illustrated in Table 2, is very insensitive to the value ofa and
depends essentially on the shape of the protein. This is
trated with calculated values and experimental results (24) for
HIV-1 protease in Table 3. It is clear that the values of ra
such as 2Dx/(Dy 1 Dz) or Dx/Dy depend very slightly on th
a parameter. With the experimentaltc we obtain for this
protein a ' 3.5 Å. The numerical values of the ratios t
corresponding to this are in acceptable agreement with
experimental data (regarding the limitations of the rigid b
assumption; see below). All of these quantities are evalu
by HYDRONMR.

3.2. T1 and T2 Relaxation Times and the T1/T2 Ratio

As indicated above, the second stage in the HYDRON
calculations begins with the extraction of the unitaryX–H,
ectors (X being the amide N or C-a) from the same PDB fil

(alternatively, a user-supplied file may be given). Then,
program calculates straightforwardly the values ofT1, T2,

OE, and theT1/T2 ratio. This calculation only require
additional data the various NMR constants that determin
constantsc andd in Eqs. [8]–[12]. A list of the values ofT1,
T , NOE, andT /T for each vector (for each amino a

1
ted Correlation Times

a
(Å)

This work Krishnan and Cosman

tc(20°C)
calc. (ns) % Diff.

tc(20°C)
calc., K-C % Diff.

2.6 13.67 10.3 13.28
3.5 13.73 4.0 11.33 214.2
4.3 12.73 214.5 11.31 224.1

3.6 11.88 24.2 10.31 216.9
3.1 8.60 3.6 8.45
2.3 26.29 13.6 24.36
4.2 6.20 216.3 4.81 235.0

2.8 6.60 8.2 5.35 212.3
3.0 5.87 8.8 5.24 23.0
2.8 5.44 11.0 4.77 22.7
3.2 5.16 1.1 4.5 211.8

3.2 6.28 1.3 5.45 212.1
3.0 4.73 7.6 4.48 1
3.8 2.15 211.4 1.73 228.8
3.2 8.4 13.
LE
ula
2 1 2
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residue) is produced by the computer program. In Fig. 2
present the results of such a calculation for lysozyme (whi
chosen for this illustrative purpose because it has a quite
rotational diffusion anisotropy). As in the case oftc, calcula-
tions of these quantities are done for some values of the
a, on which all these quantities show a remarkable de
dence, as illustrated in Fig. 2. This was to be expected; thu
T1/T2 values depend primarily (apart from their fluctuation)
tc, which in turn depends on AER.

We have already indicated that the AER should be so
where in the rangea 5 2–4 Å, with a consensus value ofa 5
3.3 Å. If a previous analysis of the value oftc has been mad
(eventually includingD t) and a has been fitted, it would b
used for the calculation ofT1/T2. Anyhow, the ambiguity i
the choice of this parameter again poses some doubt in th
results. Fortunately, from our numerical results for var
values ofa we have discovered a trend that may be extrem
useful for the joint analysis of computed and experime
results. If, rather than the ratios for each of the (T1/T2) i with
i 5 1, . . . Nres, we employ their relative deviations,¹ i ,

¹ i 5 ~~T1/T2! i 2 ^T1/T2&!/^T1/T2& [20]

with respect to the average over theNres residues in the protei

^T1/T2& 5 ~1/Nres! O
i

~T1/T2! i, [21]

hen the values of¹ i are remarkably insensitive to the value
a. The series of¹ i values for the successive residues of
protein contains a great deal of information regarding not
the detailed three-dimensional shape of the macromolecul
also the disposition of the residues within it.

In order to compare HYDRONMR computed values
T1/T2 and¹ i with experimental results, the user should bea
mind the validity and limitations of the underlying method
ogy. If the protein molecule were absolutely rigid, the res

TABLE 3
Anisotropic Rotational Diffusion of HIV-1 Protease

Calculated

Experimental (aa 5 2 Å a 5 3 Å a 5 4 Å

tc (ns) 10.21 12.21 14.1 10.8
Dx 3 1027 s21 a,b 1.412 1.188 1.036
Dy 3 1027 s21 a,b 1.355 1.149 1.001
Dz 3 1027 s21 a,b 2.130 1.785 1.507
2Dz/(Dx 1 Dy) 1.540 1.528 1.480 1.37
Dx/Dy 1.042 1.034 1.035 1.08
cosuc 0.98 0.98 0.98 0.99

a Referred to 20°C.
b Dx, Dy, andDz, as indicated in Table 2.
c u is the angle between the third eigenvector and thez axis of the PDB

oordinates.
e
is
ge

R,
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for tc and those for the individual components of the rotati
tensor (i.e., the coefficients characterizing rotational diffu
anisotropy) would be most reliable, as it has been prove
other hydrodynamic coefficients. As described in the N
relaxation literature, the effect of fast, small-amplitude mot
is eliminated in theT1/T2. Discarding the residues for whi
this is not valid requires decisions based on a previous e
ination of the protein structure and the relaxation data. M
problematic may be the existence of flexibility at a larger s
(hinge-bending motions, flexible tails, or protruding parts (48),

tc.). Then not only would theT1/T2 and¹ i values be affecte
but also the apparent rotational diffusion anisotropy ca
influenced (48). In such a case, other techniques (perh
molecular dynamics simulation) will be needed to complem
HYDRONMR. Another aspect to be recalled in this contex
that the hydration-independent¹ i values are close to ze
because globular proteins are not too elongated (obvio
¹ i 5 0) for an isotropic rotor. The experimental errors inT1

and T2 accumulate inT1/T2 and they are further propaga
and enlarged in the values of¹. So, the user should jud
whether the experimentally observed variations of¹ along the
protein sequence will be significantly over those errors. O
basis that all of these limitations are properly considered

FIG. 2. Typical results from a HYDRORMN calculation of residu
specific T1/T2 ratios. (A) Calculated ratios ofT1/T2 for residues 30–70 o
lysozyme in15N NMR relaxation, at 600 MHz, with different values of thea

arameter. (B) Results calculated for the quantities¹ (Eqs. [20] and [21]).
i
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possibility of analyzingT1/T2 ratios in this way, using th
computer program HYDRONMR, makes it a promising t
for structural characterization of proteins and other macro
ecules from NMR relaxation.

4. CONCLUDING REMARKS AND
COMPUTER PROGRAMS

We have presented HYDRONMR, a new computational
for the prediction of translational and fully anisotropic, ro
tional diffusion coefficients and NMR relaxation times of q
sirigid macromolecules. The calculation is made directly f
the atomic coordinates, just taken from a PDB file. In this p
we describe the theory and, mostly, the modeling proced
that are implemented in HYDRONMR. The prediction of
simplest relaxation quantity, the correlation time, is tested
a number of proteins, and the results are discussed in ter
the choice of a hydrodynamic parameter; a standard val
about 3.3 Å may yield satisfactory values. On the basis
the protein shape is appreciably rigid and anisotro
HYDRONMR enables the calculation of the residue-spe
quantitiesT1/T2 and¹. HYDRONMR allows for further cal-
ulation of the translational diffusion coefficient, which is
urther help for model building and parameterization. O
usly, further work will be needed to assess the performan

his tool and to apply it to cases of special interest. In ord
ake HYDRONMR widely available, it will be of publ
omain, downloadable in the form of source code from
eb site, http://leonardo.fcu.um/macromol, where other c

utational tools for prediction of solution properties, includ
YDRO, SOLPRO, and HYDROPROT, are also availabl
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