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ABSTRACT

I. A method is presented for the study of the molecular weight and com-
position of macromolecules by observing in the ultracentrifuge their
equilibrium distribution in a density gradient, The macromolecular
materiél is centrifuged to near equilibrium in a solution of a low
molecular weight solute. Under these conditions, sedimentation of the
low molecular welght solute results in a continuous increase of density
along the direction of the cenfirifugal field. The macromoleculss col-
lect in a band where their effective density is the same as that of the
solution. Analysis of the shape and position of such bands yields in=~
formation regarding molecular weight and composition. By this method, a
deoxyribonucleic acid sample from bacteriophage is shown to be monodig-
perse with molecular weight 1.4 x 107. Bacteriophage DNA containing
5-bromourascil instead of thymine has been prepared and found to differ

congiderably in effective denzity from normal DNA.

ITI. The crystal structure of N,N"-dimethyl malonamide has been determined
by two-dimensional methods. A type of weighted density projection has
been devised which ig especially suited to the refinement of projections
complicated by atomic overlap. The crystal is monoclinic with space group
c2/c; a= 8.66, b= 4.56, c= 18.51 K, pf- 94,2° n= k4. A network of
N-H...0 hydrogen boﬁds tles molecules into extended sheets parallel to the
ab plane. Although the configuration and dimensions found for the amide
group conform quite closely to previous findings for related compounds,
there 1 some indication of an especially large double bond character

for the N-Cl bond .
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I. EQUILIBRIUWM SEDIMENTATION CF MACROMOLECUILES

"IN DENSTTY GRADIENTS®

A. Descriptive Part

A solution of a low molecular weight solute is centrifuged until
equiiibrium is closely appfoached. The opposing tendencies of sedimenta-
tion and diffusion have then produced a stable concentration gradient of
the low molecular weight solute. The concentration gradient and compreg-
gion of the ligquid result in a continuously increasing density along the
direction of centrifugal force. ILet us consider the distribution of a
small amount of a single macromolecular species in this density gradient.
The initial concentration of the low molecular weight solute, the cen-
trifugal field strength, and the length of the liquid column may be chosen
so that the range of density at equilibrium encompasses the effective den-
gity of the macromolecular material. The centrifugal field tends to drive
the macromolecules into the reglon where the sum of the forces acting on
each molecule is zero. (The effective density of the macromolecular ma-
terial is here defined as the density of the solution in this region.)
This concentrating tendency is bpposed by Brownian motion, with the result
that at equilibrium the macromolecules are distributed with respect to con-

centration in a band of width inversely related to their molecular weight.

Gauscian bands. Tt is shown in a later section that in a

congtant density gradient under certain attainable conditions, the equilib-

The material contained on pages 1-20 follows the treatment of
M. Megelson, F. W. Stahl, and J. R. Vinograd, to be published.



rium.concentration distribution of a single macromolecular specieg is
Gaussian. The standard deviation of this Gaussian band is inversely
proportional ﬁo the square root of the macromolecular weight. The
Gauscian distribution 1s centered sbout the cylindrical surface corres-
ponding to the effective density of the macromolecular material. Fig. 1
shows a photometer record of the equilibrium distribution of bacterio-
phage DNA in a density gradient of cesium chloride in water.

If the macromolecular material is composed of species with
various molecular weights and effective densities, the observed equillbrium
distribution is the sum of the separate Gaussian distributions with stan-
dard deviations and means corresponding to the molecular weights and ef-
fective densities respectively of the various molecular species. When
heterogeneities in molecular weight and effective density are both present
it is possible bﬁt a priori unlikely that the separate distributions would

conspire to produce a single observed band of essentially Gaussian form*.

¥ This possibility is subject to experimental test. By means of a par-

tition cell the material on either side of the mean may be isolated and
rebanded. The new band will be skewed if there was density heterogeneity
in the original band. Alternatively, one may compare the concentration
distributions observed in cells of different shape. For a single species,
the concentration distribution is independent of cell shape. However, for
material heterogeneous with respect to either molecular weight or effective
density or both, the observed concentration distribution is dependent on
variations in the area of the cell along the radius of rotation. This
dependence is such that for material of homogeneous density the symmetry
of the band is not disturbed (although its shape may be). For a material
with density heterogeneity, however, the band will show various departures
from symmetry depending on cell shape and the particular density distribu~
tion present.



Figure 1., The equiliﬁrium distribution of DNA from bacteriophage Ti.

An aliquot of osmotidally shocked T4 r containing 3 M8 of DNA was
centrifuged for 80 hours at 58,000 x g in 7.7 molal cesium chloride solu-
tion. The density gradient 1s essentially constant over the reglon of
the band and equal to 0.046 g cm"h. The DNA concentration at the maximum

is 20 U g/ml.
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‘Bimodal or polymodal distribution of banded material. If the

effective densities bf the macromolecular species are sufficiently distinct
a distribution with more than one mode will be observed., In extreme cases
this may lead to the formation of discrete bands. An example is the
separation of normal DNA from DNA which contains, instead of thymine, the
analogue S-bromouracil. This unusual DNA is considersably more dense than
normél DNA, and prepared mixtures of the two give rige to well resolved
bands in a cesium chloride gradient (fig. 2). With DNA in cesium chloride

density differences of less than 0.001 g/cm5 may be detected.

Skewed unimodal bands. A skewed band indicates the presence of

materials heterogeneous with respect to effective density. Such bands are
shown in figs. 2 and 3 for bacteriophage DNA containing 5-bromouracil and
calf thymus DNA, respectively. The skewness of the former band is the
result of compositional heterogeneity; i.e., some molecules contain more
5~bromouracil (in place of thymine) than others, Effective density hetero-

geneity may in general be either compositional or structural in origin.

Symmetric unimodal non-Gaugsian bands. For the Gaussian

: 2
y = exp (- §;§ a plot of In y against x2 yields a stralght line with
2

-

slope 102 . A plot of the log of the concentration in a band against
2

the square of the distance from the maximum provides a convenient test

for heterogeneity. Downward concavity anywhere in this plot signifies
heterogeneity in effective density. ©Such a case may be rare in view of
the a priori unlikelihood that the effective densities would be distributed

in just such a way as to give rise to a symmetrical band ( see footnote,



.Figure 2, The conceniration distribution of a mixture of normal and 5-
bromouracil-containing DNA from bacteriophage Tk, A mixture of os-
motically shocked normal and 5-bromouracil-containing T4 was centrifuged
for 18 hours at 150,000 x g in 8.9 molal cesium chloride at pH 8.4. The
density gradient is 0.12 g cm'h. The position of the normal DNA indicates

an effective density of 1.70; the maximum effective density of the sub-

stituted DNA is 1.80.

Figure 3. The concentration distribution of calf thymus DNA banded in
cesium chloride. 2‘7/¢4g of calf thymus DNA was centrifuged for 15 hours
at 150,000 x g in 7.7 molal cesium chloride at pH 8.4, The density

gradient 1s 0.12 g cm'u.
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page 2). ’The absenée of‘downward concavity coupled with the observed
symmetry of the concéntration distribution is strong presumptive evidence
for density homogeneity. Under this presumption upward concavity is
evidence for heterogeneity in molecular weight. The slope at any point
is inversely proportional to the weight mean molecular welight of the
material af the corresponding position in the band (see the later dis-

cussion).

Measurements of effective density. The mean effective density

of macromolecular material distributed in any manner within the density
range of the solution may be found from the mean of the mass distribution
evaluated from the observed concentration distribution. If effective den-
gity is influenced by composition,the distribution provides a basis for
the analysis of the composition of the material. This application of the
method is illustrated by the results with phage DNA containing 5-bromo=-
uracil (fig. 2). The effective density of this DNA is found to be related
to the degree of substitution of thymine by 5-bromouracil as determined

chromatographically (see page 38 ).

" Molecular weight determinations. In the absence of density

heterogeneity both the number and weight mean molecular weight may be
calculated from the observed shape of the equilibrium band, as will be
shown later. Molecular weights calculated from concentration distributions
should be considered minimal values if there is a possibility of density
heterogeneity.

Details 6f the experimental procedﬁres and results with several

materials are described in a later section.



B. Quantitative Relations

The eguilibrium distribution. The total potential of any com-
ponent at equilibrium in a closed system at constant temperature must be
uniform throughout the gystem. In a centrifugal field this requirement

results in the rigorous condition

D Mi(-up) rwedr — 5 % dey =0
K

oCyk
where Mi’ ;1’,11 12 ©y are molecular weight, partial specific voluwe, par-
tial molal (Gibbs) free energy, and concentration of the ith component,
The summation extends over a complete set of independently varilable com-
ponents. The angular velocity is given by W , the radial coordinate is
r and the density of the solution at r is f) . Congider a system con-
taining water, a low molecular weight electrolyte XY and a macromolecular
electrolyte‘PXn. The discussion will apply equally well to positive or
negative polymeric ions and, with n= 0, to neutral polymer molecules. In
the cése of neutral polymers, but not otherwise, the low molecular welight
solute need not be an electrolyte.

_ « A
Three components are necessary and sufficient to degcribe the

Although three components are sufficient for a thermodynamic descrip~
tion of the system in the absence of the centrifugal field, more may be
required in its presence. A system subject to a centrifugal field may be
regarded as being composed of a continuous sequence of phaseg of in-
finitismal depth in the direction of the field. A number of components
sufficient to describe the chemical composition of each phase must be
~employed. In the present case, more than three components would be reguired
if any product arises with composition not describable in terms of the
three chosen components and which sediments differently than any of the
components involved in its formation. This complication is explicitly
excluded from the present discussion.
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composition of the system. They are chosen here as water, XY, and the
neutral unsolvated mo;ecule Pxn. Other choices are of course permissible
but this cne is especially convénient.

For definiteness in making certain approximations and for com-
parison with experiment we shall often refer to the system water, cesium
chloride, cesium deoxyribonucleate, The total amount of polymer will be
made so small as to have a negligible effect on the potentials of the salt
and water. Thereforé we may first calculate the concentration distribu-
tion of XY from eguation 1 ignoring the polymer, and then, again using
equation 1, find the distribution of the polymer in the salt gradient.

This gradlent is

5 ClCXY___._ aCXY ) daXiz any. a"YMxv(\-\—/xyP)Yw?‘
! dr OQxy dr OQxy RT '

where Cyy is the concentration of XY. The sum of equation 1 has been

replaced by ite equivalent, RT d In yy where ey is the zctivity. Values
of ayy? F} ,» and ;éy as functions of concentration and pressure are ex-
perimentally determinable and may be found in the literature for sone
systems. The salt concentration as & function of r may be found by
numerical integration of equation 2. Alternatively, it may be neasured
by optical methods in the centrifuge itself (see pages 26-30).

In many cases it is possible to select XY so that the density

and concentration gradients are egsentially constant over regions suf-
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ficiently long to encompass a polymer banﬁ. For example, it is found both
by calculation from equaﬁion 2 and by direct observation of the refractive
index gradient in the centrifugé, that the cesium chloride concentration
and density gradients are essentially constant over the region of a DA
baﬁd. For -computational simplicity we shall consider only these linear

éystems so that updn chooging Ty in the region of a band, we may write

Cyy and P in the band as

Q-

3 ny(r)"va("o\ +(a‘%ﬁ)‘, (r-%)

b pW = Pt (£6), ()

Having found the distribution of XY, we may now employ equation 1 to
determine the distribution of PXn. Making use of equation 4, we write
the first term of eguation 1, which represents the work per mole done

against the centrifugal field moving PX, from r to r + dr, as

> | M'Pxn [ 1= Vox, f)(m"’ van(c‘Jgg)n(\’-\;}‘YWZAV
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VIt should be emphasized that ;éxn is theApartial specific volume of PXn
in a solution of XY at s concentration CXY(r). In order to evaluate the
remaeining ferm‘in equation 1 we‘consider it to be composed entirely of
the osmotic work RT dln CPXn‘f ZRT dln ¥y Cx where z is the effective
number of counter=-ions which must be moved along with the charged polymer
molecule,PXn_Z in order to maintain electrical neutrality and X’X is the
activity coefficient of the ilon X. We thereby neglect any other change
in the free energy of the polymeric component as it is moved through the
solution. This should be a valid approximation if the fractional change
in the concentration of XY across a polymer band is small, It is es~-
pecially plausible for the case of DNA in cesium chloride, for which the
cesium chloride and water concentrations change by less than one part in
100 over the region of z band. Also, over a small concentration range,
the term dln 7’X vill be negligible in comparison to dln Cye Incorporating

these approximations in the limit of low polymer concentration, we have

Mo (1= Vox., ()(m - Voy.. (%%} . (¥- m) Wiy

& — RTd e Co — ZRTdba( C oo+ (S) )
= 0O

Assuming ;fX and z to be independent of r over the region of a band, this
' n

may be integrated with respect to (r-ro) from r=1r, to r=r, yielding
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‘v‘éx“ I \‘\_/vXnP(ﬂwz (¥-¥o) (_V%s. )
7 M\bxh Q?Xn (%%)Yo UJ?- (Y—le ( —%_Yg N %>
dCxy) (% Coxal®)
—Z RT &\‘l [ \ -+ (?ic\, )\-o g::‘)(xa‘] RT?T\ gpx :Yo)
-0

In many cases, including that of DNA in cesium chloride solution, the
band width may be made gquite small compared with the distance of the band
from the center of rotatiocn so that \r-r0\<< rye Further, because of
the small magnitude of the gradivent of CXY( r),

s (r-r ) Cpy  (r-r,)
dr ny(ro)

« Intro-

in [l <+ ] may be expanded as

) dr ny( I‘O)

ducing these approximations in equation 7 and completing the square in

the variable (r-r.), we obtain

5 Con (0 = Conalr) EXP 5] XPER (-]



where

2 - RY
MPXn vP}(n (—dé%)h Yo U.)?‘

it

N O

and

ZRT (dcxv> (1 =Npxw P(m)

Mor, Vor, W T Cxyl@ - Ny, (1% Y.

10)

This is a Gaussian distribution with standard deviation O . Equation 8
ig simplified by choosing r, as the mean in which case (X= 0. Therefore

the density of the medium at the band center is glven by the expression

zR1 (%CTU)‘

= = |~
()“") Voxa Mpxa W7 Yo Cxy Yo

i.e., the pull of the counter-ions displaces the origin of the Gaussian

‘band from the region of density _l to r_, where the density is /O (ro).

v
PXn

The final result, then, for the distribution of a single polymeric species

at equilibrium in a constant density gradient is



(v-¥)

o) Cpxnm = Coxa (1) CXP 702

From the obsgerved value of CT' the molecular weight is calculated as

13) F/\ PXn I ‘R;r 2% ~%
\/PXY\ (XQ{»)Y’ Yow O;bse.wed

Provided that one uses the true value of ;éx rathe: than the reciprocal

. n
of the effective density’{:)(rb) the molecular weight obtained from
equation 13 refers to the dry neutral molecule PXn whether or not the
species actually present ls solvated or charged. However it is so much
more convenient to measure the effective densitg‘/c> (ro) than to deteymine

VDX by the usual pycnomebtric method that one might profitably ask under
“n
what conditions it is permissible to eguate the two guantitiss. This may

be done when

ZRV (%%ﬂ) Yo
14) 1

T Moy, (oWF Cxy (%0

1t
e
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For DNA iﬁ cesium chloride solution, even if each primary phosphate
carries an effective negative charge (which is surely not the case), the
approximation of équation 14 involves an error of less than 10 per cent.

Having shown that a single polymeric species in a constant den-
Cgity gradient will be distributed at eqﬁilibrium in a band of Gaussian
shape, we now turn to the more genersl situation of a polymer hetero-
geneoﬁs with respect to molécular weight although homogeneous with respect
to effective density. In the limit of low polymer concentration, inter-
actions between polymer molecules may be presumed absent so thét the ob-
gerved band will be the sum of many Gaussians with coincident origins with
each Gaussian possessing a standard deviation related to the molecular
weight of the corresponding species by equation 9.

The weight average molecular weight of the material at r is

defined by the expression

TZ: (:4 ) TT1;
2 ML= C ()

where Ci(r) and my are the weight concentration at r and the molecular

weight respectively of the 1th species. According to equation 12 we have

| .__.CAC‘ - - (Y-X) C‘g_). = =(Y-Yo) C“(ﬂ my
6 dv o2 L 3
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2 RV

Vi ('d&% Yo Y w*

Il

m; O,

]

where Fg

It follows that

g [39),

(r-Y) CLO

17) Mw(\'):

The number average molecular weight of the material at r is defined by

the exopression

C (Y)

18) W\N (v) = z . U)

According to equation 16 we write

(C (0 _ _ (e Gy
E
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It follows that

) | .
oy Gl _ ;—_\__S (r-v) Cilr)Ax’

a0

And the number mean molecular weight of the material at r is given by

-3 Cw
g_\; (v Cor) 4y

oy My =

Tae corresponding molecular weight means for the material comprising a
 band are found by integration of'equations 17 and 21 respectively and

are gilven by

l dcC d

- ' - QY
22) MW = ﬁj Y-Yo d¥
f C (o) dr

and

_B j Co o
S (x-r.y¥ Cco dr

23) M =



The integfations are to extend over the entire band and are written so

gg to apply to cells'having straight walls, whether radial or not. In

the completely general case of ﬁeterogeneity of both density and molecular
weight the molecular weights calculated from the above equations are
minimum values. For convenience in numerically estimating the weight

mean molecular weight, equations 17 and 22 may be written in the forms

anC
-2f

2lt) Mw (‘(\ d (x- YD

. dnC
25) MW 2(3 ~ T s - C)- C‘\’

j C (v) dv

regpectively. See page 5.

‘The approach to equilibrium. Finally, we turn to the problem

of estimating the time necessary for the distribution of the polymer to

. * N s .
approach closely to its equilibrium value . For this purpose, it is suf -

This treatment follows that of G. M. Nazarian and M. Meselson, to
be published.
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ficient to replace the actual centrifuge system by one of infinite extent
’ bounded by walls parallel to the x axis and with a uniform gravitational
field acting in the positive x direction:

The concentration distribution of the polymer C(x,t) must

satisfy the continuity equation

C
t

o

|

3 [p2x -
26) ax( Dax +C\/>

D)

where D is the diffusion constant and V is the sedimentation velocity
acquired under the action of the external force. This velocity is in-
fluenced by the buoyancy effect of the surrounding medium and is ex-

pressed by Svedberg's equation

27) \/ = M(/\\{:P)Df

where M ig the molecular weight of the polymer, v its partial specific
volume, f’ the density of the medium, and f the constant external force
acting on unit mass.

For +the medium with constant density gradient, we take



PO

n
<nl ~
+
gé;l%..
~

28) (3

¢0 that the origin (x= 0) is at the position where the density of the
medivm and the effective density of the polymer are identical. Then the

sedimentation velocity is a function of x and is given by

29) V'—“"“Do?;
where C)-ja = ’Fijr 3
o
[ \vc_&g
30)

Introducing this expression for V into eguation 26 yields the time-

dependent differential eguation for the problem:
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The equilibrium distribution is easily obtained as a special
case by setting g—% = O and imposing the condition that there be no flux

at infinity. Thus

or

2
X
22 Cx) = Co GXP"Y 201]

which is identical with the Gaussian distribution obtained from thermo-
dynamic congiderations. After separation of variables and appropriate sub-
stitution, equation 31 may be cast into the form of Hermite's differential
equation. Its solutions are restricted to the Hermite polynomials by the

boundary condition

33) | » C AX bounded



~Dly -

The generél solution of equation 6 may be written

5 Co= exe- 7)) AnbnEmiene {5
| n=0

where Hn is the nth Hermite polynomial. The coefficients An are determined
from the initial distribution C(x, t = 0) with the aid of the orthogonality
relations for Hermite polynomials. We shall consider the case in which

¢{x, t= 0) is some constant Co > O over the region %’- {x ¢ é’- and

zero elsewhere. Then equation 34 becomes

Coxi= s exvZes] 4 1+ s Y- pe B

35)

4
+(\]??o c““\fa**"é’ (;( +3)exp Yo"- .

Thie salution'applies strictly only to a system of infinite extent along

x. However, if L )0 1in the infinite system, the flux at® & e

f=4
very nearly zero, which is mathematically equivalent to the condition

imposed by walls at x| = -in .



“D5 =

* N
For t , the time required to reach a distribution within one

per cent of eguilibrium we demand that

C(20,t*)- C(20, =)
C (20, )

= 0.0l

hence we take

z "\ _ 0.0
36) L~ -—-{)(; ;l- %é:) GEE)CJE> - cj-z. -

(Lo?

keeping only the most slowly decaying term.

Solving equation 36 for t* yields

(™ = %_f(&n-(‘-;—-\-\.ze)

N
-1
S

On introducing this value of time into the more rapldly decaying teyms of
equation 35 one indeed finds that they have become negligible at this late
étage in the approach to equilibrium. This estimate is based on the as-
sumption that the density gradient is fully established at zero time. The
time actually required for the eqﬁilibrium of XY may be estimated

theoretically (1). - The sum of these two times may be taken as a maximum
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estimate of the time reguired in practice. In the case of DNA iIn cesium
chloride, the cesium chloride equilibrium is in fact much more guickly
approached than that for the polymer and the estimate of equation 37 need

not be modified,

C. Studies of DEA in CsCl Density Gradients

The CsCl gradient. Cesiunm chloride of high spectroscopic purity

was treated overnight with "Norite A" decolorizing charcoal and sub-
sequently recrystallized. The charcoal treatment accomplished the removal
of a partially sedimentable iwmpurity with an adsorption maximum at 2700 A
which, if present, complicates the ultraviolet photometry of DNA bands in
CsCl gradients.

Purified CsCl solution buffered at pH 8.4 with 0.1 per cent tris-
‘hydroxymethyl aminomethane was used throughout this work. The density was
determined with a Westphal balance to 0.002 gfcu.

The deﬁsity gradient for a given set of conditions was calculated

according to the egquation

e 2p aM=P)WPr
- -5& RT

Values of the density P and the activity a of CsCl solutions as a function
of concentration are tabulated in the literature. Values of the density

determined by different WOrKers (2,5) agree very well. The activities
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have beenv determined isoplestically (k). WNo estimate of accuracy is given
for the activity coe‘f_‘ficients although they are reported to three places.
From these published data the values of ;, a and %ﬁ Tor CsCl of density

: a

1.70 -g/cm5 at 25°C are found to be
v= 0.276 cmz)/g; a= 1%3.9 (molal scale) %e-: 0.0159 g/cm5
, a

These values refer to atmospheric pressure, However, the pressure coef-
ficients of the activity and of the density are low enough so that the
effect of hydrostatic pressure in the centrifuge may be neglected. The
value of the density gradient at the position r in the cell where the
denegity is 1.70 (the effective density of DNA) is obtained from eguation

38 as

39) S-\e—) =\10 - 35 x |O—’o w2r

where (A7 is in radians per second and r is Iin centimeters. At a repre-~
sentative angular velocity, 27,690 rpm, (%%—)Pq_w ig 0.047 g/cml*,

7 cm from the center of the rotor. Because of the small change of %g_ ’
8y ;, and P with r, variations in gé along the cell are primarily due
to the variation of centrifugal potential with distance from the center
of rotation. Thus equation 39 may be used to estimate the variation of

the density gradient across a DNA band. In experiments lntended to measure
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molecular‘weight, the field strength 1s chosen so as to give & DNA band
with a standard deviation less than 0,1 cm, According to equation 39 the
variastion of density gradient across this distance 1g about one per cent
for Y= 7 cn and may be neglected, Over the small density ranges en-
countered, the density gradient is diréctly proportional to the rvefractive
index gradient. In the Spinco model E ultracentrifuge employed throughout
this work, the refractive index gradient may be observed directly by means
of a modified schlieren optical system (fig. 4). Measurements of the

refractive index gradient made with the schlieren gystem provide a direct

means of estimating the density gradient. For this purpose we write

0

d
- %oe

d

-

For ?:- 1.70, g is 11.7 g em™>, The observed value of %2 at that

density in & centrifugal field of 58,000 g is 0.0040 cn™t. This value has
been corrected for a refractiveiindex gradient primarily due to deforma-
tion of the cell in the centrifugal field., This correction is obtained
from the center of the schlieren dlagram immediately upon reaching the

full field strength before any significant sedimentation of the CsCl has
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Figure 4 ig a set of superimposed schlieren diagrams showing successive
stageevin the aeveloﬁment of & cesium chloride equilibrium gradient. The
numbers above the curves are the times in hours during which the centrifuge
operated at 27,0690 rpm. The slight upward slope of the refractive index
gradient curve indicates a one per cent ver mm departure from congtancy as
expected from eguation 39. The diagrams of fig. 4 are chosen from an
experiment in which 3‘/1g of DNA was present in the cell; the banded DNA

produces a divhasic pip in the final schlieren diagram.
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. . 1
taken place. The density gradient determined in this way ls 0047 g/cm =+

which is to be compared with the value 0.0465 calculated from eguation 39.

Photometry of DNA. The concentration distribution of DNA in
the nltracentrifuge cell was determined by ultraviolet photometry during
the operation.of the centrifuge. Illumination was provided by a low preg-
sures mercury lamp (General‘Electric AH-L) eguipped with a chlorine-bremine
filter (5). An image of the centrifuge cell, linearly enlarged 1.8 fold,
was focused upon a blue sensitive photographic plate (Eastman "Commer-
cial”). WVith thie combination of source, Tilter, and plate, only the
mercury rediation at 2480, 2540, and 2650 A contributes significantly o
the recorded image,

It was experimentally verified that DNA in 7.7 molal CsCl obeys
Beer's law at each of these three wave lengthe and over the entire con-
centration range encountered in this work.

Plates were photometered with a modified Sinclair Smith micro-
photometer which vecords tranemission. The linearity of the photometer
wes established by chowing the ratio of transmission of two chrometically
neutral filters to be constant»cver a wide range of incident 1ilumination.
Within the linear exposure range cf the photogravhic emulsion, optical
density in the centrifuge cell should be directly proporticnal to optical
dengity preduced on the £3ilm. That this was the case over s wide range of
exposure levels was established by showing that a given DNA concentration
distribution gives rise to photometrically measured optical density

distributions differing only by an additive constant.
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VThe yhotoﬁeter produced a It x linearly enlarged image of the
plate on a 0.25 mm slit. Taking into account the factor by which the image
of the cell appears enlarged on the film, this slit width corresponds to
0.01L mn in the cell itself.

For the work with bactericphage DNA, the indicating galvanocmeter
of the thotometer was read directly at intervals of 0,045 mm on the Filw
corresponding to every 0.025 me in the cell, This gpacing yielded about
80 readings across a band. Resdings were also taken at doubled intervals
out to one band width on either side of the band edges in order to estab-
1ish an accurate base line. All readings were taken twice, scanning first
in one direction and then in the other. These duplicate readings were
usually didentical. Averaged values were used when the forward and back-
ward readings differed.

For the work on salmon sperm DNA, direct reading of the photo-
meter galvanometer was abandoned in favor of continuous recordings by
5 Brown recording potentiometer. A compariscn of directly read Lrans -
missions with recorded ones for a given film showed them to be ldentical.
Effects on the plates due to haletion and scattered light were judged
negligible, The optical resolution of the system wasg investlgated with
the use of an ultraviclet photograph of a fine wire in the resting
centrifuge cell. When this photograrh was projected cnto the slit stage
of the vhotometer, the image of the wire was seen to be about one third
thebwidth of the glit and appeared gulte sharply defined, Thus the
gystem comprisiﬁg ultraviolet optice, film, and photometer ophtics wag

gshown able to resoive detail within the slit width employed. The curvature
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of the imége of a cylindrical surface of constant DNA concentration in the
, éentrifuge cell was too small to reduce appreciably the attainable resolu-
tion of the ccncentration distribution.

For the purely qualitative work with human, calf thymus, and
5=bromouracil substituted bacteriophage DNA, a Spinco Analytrol recording
densiﬁbmeter wag employed. This instrument produces a continuous recording
of optical density on the film, Although its resolving powver is much less
than that of the Sincleir Smith instrument, comparisons showed it to be

quite adequate for gualitative work.

Tegt for egullibrium. Evidence for the attainment of equilibrium

in the case of bacteriophage DNA was provided by the essential identity of
the Final concentrstion distributions whether the DNA was initially dis-
tributed uniformly in the cell or in an extremely tight band produced by
running st high speed, Although no quantitdtive study has been made of the
approach to equilibrium, between 50 and 100 hours are required 1n practice
before an initially even distribution of DNA avproximates its equilibrium
distribution as judged by the above experimental criterion. Times of this
magnitude_are predicted by equation 37 if the diffusion coefficilent of DNA
is taken as 10"8 sec-l. Although no adequate experimental determination of
D has yet avpeared, this value ig in accord with a reported maximum value

of 2 x 1070 sec™l (6).

Ideality of DNA behavior. The maximum concentration of DNA in

the bands for which figures are presented is 20 )ug/ml. Light scattering

studies of calf thymus DA in 0.2 molar NaCl show no concentration



dependent departure‘frsmlideality below 200 /Ag/ml. (Eigher concentrations
were nob investigated.(?}.) With the small DA concentrations in strong
CsCl solutian'used in the present'work it was expected that errors due to
DNA concentration effects would be altogether negligible., As an experi-
meﬁtal tegt of this expectation, eguilibrium concentration distributions

of bacﬁeriophage DNA at two different concentration levels were compared.
The maximum‘concentration wés 20 /ug/ml in one experiment and 10 /ag/ml

in the pthef. The two distributions were found to be the same and it was
concluded that concentration dependent departures from ideal behavior were

esgsentially absent.

Preparation of DNA samples.

(a) Kormal bacteriophage DNA. Bacteriophage T4 r2l0 was

oropagated on Escherichis Coli strain B in a glucose salts medium, After

preliminary purification by differential centrifugation, the virus was
treated with deoxyribonuclease and then with ribonucleage in order to re-
move contaminating nucleic acids. ther purification by differential
centrifugation was carried out until the pellet of sedimented virus ap=-
peared completely transparent and colorless. A solution of purified virus
with unit optical density at 2600 A was found to possess an infective titre
of 1.8 x lOll per ml. This indicates a ratio of infectivity to nucleic acid
content 20 per cent higher than the most highly purified preparstions
described by other workers (8).

The viral DNA was released from its protein coat by osmotic
shock. For this purpose a guspension of virvs of infective titre

1toHx 1013 per ml was mixed with an equal volume of saturated CeCl
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colution. After the mixture remained standing one hour in the cold, its
osmotic pressure wag rapidly lowered by dumping onto it 15 volumes of
water. Thereupon the solution became viscous and elastic and lost most
of its initial turbidity indicating that the bacteriophage had released
“their DNA into solution. This procedure was successfully applied to as
few as lO11 bacteriophage in an initial volume of 0.002 ml. The viscous
DNA sblution.was stored in ﬁhe cold with a trace of chloroform to prevent
the growth of micro-organisms, Small aliquots were added directly to
CsCl solutions of Qeusity appropriate for the banding of DNA. The viral
protein, being much less dense than DNA, is separated from the DNA during
the centrifugation in CsCl thereby avoiding the need of a previous separa-

tion.

(v) S-Bromouracil bacteriophage DNA. T4 240 bacteriophage
containing DNA substituted with S-bromouracil was prepared by the method
of Litman and Pardee (9). The virus was purified and osmotically shocked
as outlined above., The substitution of thymine by 5-bromouracil was about

60 per cent complete as determined chromatographically (lO)'

(¢) Calf thymus®, human leukocyte™ and salmon sperm DNA***,

These DNA samples were prepared in other laboratories by detergent methods

These samples were kindly supplied by

Dr. C._Jardetsky

*¥%
Dr. §. Perry

¥ ppof. P. Doty
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followed by alcoholic precipitation. Before being used in banding experi-
ments, the solid DNA was allowed at least five days to pass completely

into solution,

Studies of various DNA samples. Only the DNA from normal

bacteriophage was found to form the Gaussian band expected for a single
molecular species (fig. 1). Aside from the remote possibility that the
cohcentration distributions for several molecular species could have com-
biﬁed to give the observed Gaussian distribution, it may be concluded that
this viral DNA is homogeneous., The mean of its distribution indicates an
effective density of 1.70 g/cm5 and the standard deviation corresponds to
a molecular weight for the Cs.DNA salt of 18 x 106. Assunming the base
composition of T4 reported by Wyatt and Cohen (11) and the glucose content
reported by Sinsheimer (12), this corresponds to a molecular weight of
1 x 106 for sodium deoxyribonucleate., If this material is representative
of the DNA’contained in intact bacteriophage its molecular weight cor-
responds to about twelve molecules of DNA per virus particle. This
estimate rests upon a value of Lot 0.2 x lO5 phosphorus atoms per phage
(13).

ABands of human leukocyte, salmon sperm (fig. 5) and calf thymus
(fig. 3) DNA were all found to be skewed in the direction of higher ef-
fective density. Inasmuch és these DNA samples had been prepared by a
method other than that used to obtain the virus DNA, it cannot be decided
at present whether the observed density heterogeneity is native or had been

introduced during isolation.
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The samplé of salmon sperm DNA was supplied by Prof. Paul Doty,
who agsigned to it a molecular weight from light scattering measurements
of 87i'l million. The molecular weight of this material was studled by
density gradient centrifugation in order to provide a2 comparison with an
esfablished method of molecular weight determination. Fig. 5 shows the
concentration distribution of the Doty salmon sperm DNA in a CsCl gradient.
The pfoﬁounced skewness in the direction of higher effective density pre-~
cludes any but a minimal estimate of the molecular weight. DBecause of
the limited available machine time, attaimment of equilibrium was not
verified by the experimental method employed for the viral DNA. Instead,
the centrifugation was continued for 106 hours, which is 30 per cent longer
than the time found adequate for eguilibration df phage DNA at the same
field strength and temperature. Nevertheless, in vievw of the lower
molecular weight and correspondingly lower sedimentation velocity of the
salmon DNA, this time may not have been sufficient. WNon-attainment of
equilibrium would result in a low estimate for the molecular weight. The
molecular weight estimate of four million for this material was obtalned
from the standard deviation of a calculated Gaussian fitted to the low
density side of the observed concentration distribution as shown in the
figure. Accepting the light scattering value with 1ts associated limit of
error, the discrepancy may be due to the factors cited above. Additionally,
gome degradation may have occurred in this material during the time sub-
sequent to its study by light scattering.

Fig. E‘ShOWS the concentration distribution in a CsCl gradient

of a mixture of S-bromouracil phage DNA and normal phage DNA added as a



density marker. Expériments with each materisl separately show that the
distribution of the mixed material is the arithmetic sum of the two
individual distributions. The increase in density to be expected upon
conmplete subétitution of 5=bromouracil for thymine in phage DNA may be
esfimated under the assumption that normal and %-bromouracil DNA possess
the same effective volume in CsCl solution., The fractional density change
is thén just the ratip of the molecular weighte of the two varietieg of
DNA. For normal phage DNA the mean molecular weight per nucleotide is
360. Thymine comprises 32 per cent of the nucleotides. The molecular
weight ratio of substituted to non-substituted DNA is thus 1.06 and a
density increase of 0.10 g/cm3 is to be expected upon complete 5-bromo=-
uracil substitution. The increase actually found from the positions of
the normal and 5-bromouracil DNA bands in the experiment of fig. 2 is

0.10 g/cm?, in striking agreement with the predicted value. The measure-
ment of the density difference between normal and 5-bromourécil sub?
gtituted DNA asssumes that the maximum dengity observed correspohds to
complete substitution. This is plausible in view of the rather sharp cut-
off at the high density edge of the 5-bromourscil DNA band. Furthermore,
the mean 6f the distribution of the substituted DNA is located 2/3 of the
distance from the normal peak to the position of presumsbly complete sub-
stitution. If the density is proportional to the fraction of substitution,
the location of the mean of the 5-bromouracil DNA distribution indicates

| the material to be 2/3 substituted. The chromatographically established
degree of substitution is 0.6. In view of the difficulty involved in the

chromatography of the small amount of 5-bromouracil DNA available, this
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fair agreément may be regarded as confirmatory.

Additional applications. The usefulness of the method for

bioiogical’studies is illuétrated by the study of intact viruses In cesium
chloride gradients. Both bacteriophage and tobacco mosaic virus (14) have
been banded without loss of infeétivity. Preliminary work with bovine

albumin and human hemoglobin suggests the applicability of this method to

smaller macromeolecules,
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II. THE CRYSTAIL STRUCTURE OF N,N'-DIMETHYL MAILOKAMIDE

4. Introduction

The determinstion of the structure of N,N'-dimethyl malonamide

Ca i _C E NH/CHg
NH — -
N ch, v

provides additional'data of significence to the structure of proteins,
This compound provides a case of N-substitution intermediate between that
in peptide amides and terminal amides, and the presence of the methyl sub-
atituent facilitates X~ray investigation of the configuration about the

nitrogen atoms and the planarity of the amide groups.

B. Preparation and Crystallization

N,N!-Dimethyl malonamide was prepared by the addition of a
stoichiometric quantity of diethyl malonate to a 25 per cent aéueous
solution of methylsmine. Evaporation to near dryness, extractlion of the
residue with hot benzene, and subsequent cooling gave a crystalline pro-
duct melting at 128-129°C, Recrystallization of the crude product from
benzene gave very thin plates which melted at 15h~135°C, in agreement with
the published value (1), More nearly equidimensional crystals were ob-
tained from benzene solutions containing a few per cent of ethancl and
these were used throughout the present study. Tauve photographs of
cfystals'grown from the two solutions were identical. The crystals were
bounded by (110) and (001) faces and showed perfect cleavage parallel to

the latter.
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C. Unit Cell and Space Group
The unit cell dimensions cbtained from rotation photographs
£y ‘ . . - > oy e
taken in a Straumsnis-type camera with Cu Ky radiation (= 1.542 4)

are, with their estimated limits of error:

a= 8.656¢ 0.017, b=k.56% 0,015, c=18.5084 0.08 &, B= 9k .22% 0,12°

The density determined by flotation is 1.18 g/cm3 and the number of
molecules per unit cell is 4 (calculated 4,01). Precession and Weissenbers
photographs reveal systematic absences hkl for h + k odd and hOl for 1 odd.
These absences are characteristic of the non-centrosymmetric space group

Cc (n=U4) as well as the centrosymmetric space group €2/c (n=8). No
piezoelectric effect could be detected although s pronounced effect was
produced by the weakly plezoelectric substance hexamethylene tetramine (2).
The morphology of the crystals ard the result of the plezoelectric experi-

ment do not rule out the presence of a center of symmetry.

D, Trial Structure

The search for & trial structure was begun on the assuwuption
that the space group of the crystal is (2/c rather than the acentric Cc.
This reguires that the four molecules must be located at special positions
in the unit ceil. The only positions congistent with the possible
: mdlecular gymmetry of NyN'-dimethyl malonamide are those in which the
central carbon atom is located on a two-fold axis of the space group. IFf

the amide groups are planar and in the trans configuration, and if the



bond lengths and anglesiagree with previously determined values for re-
lated compounds,vonly three parametere are reguired to determine the
positions of all heavy atoms. These parameters may be chosen as (1) the
angle between the ¢ éxis and the projection of the Co-Cl bond upon ithe

ac plane, (2) the angle between the plénes of the two amide groups,

and (3) the elevation of the molecule above the ac plane (fig. 1).
Considerations based on thé unit cell dimensions and the requirement of
good packing and hydrogen dbonding, serve to fix approximately the first
two of these parameters. Their assignment specifies the x and z coor-
dinates of each atom and results in an arrangement of the molecules into
hydrogen-bonded layers parallel to the cleavage plane (o01) (fig. 2).
Because of the operation of the c-glide, the specification of the eleva-
tion of the molecule above the ac plane determines the mode of stacking
of successive hydrogen bonded layers. This was established by considera-
tions of methyl-group packing supplemented by a Patterson projection onto
(100). As a check on the trial structure, éome low-order struéture fac-

tors were calculated and these displayed encouraging agreement with ob-

gerved values.

E. Intensity Data

™o well~-formed crystals of uniform dimensions were mounted Tor
rotation about the a and b axes respectively. Neither crystal exceeded
0.2 vm in any dimension, Multiple film Weissenberg (n01), (0kl), and (21k1)
equi-inclination photographs were taken with filtered Cu K radiation. The
photograpﬁs displayed a total of 229 indepenﬁent reflections, In addition,
a gystem of very weak diffuse reflections could be seen on all highly ex~

poged photographs (fig. 3). The ordered siructure has been rvefined without
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FIG, 2 MOLECULES IN A HYDROGEN-BONDED
LAYER PARALLEL TO THE ab PLANE AS
VIEWED DOWN THE b AXIS
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FIG. 3 AN (okl) WEISSENBERG .PHOTOGRAPH
SHOWING DIFFUSE MAXIMA
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regard to them. Thils neglect is Jjustified by the satisfactory appearance
of the final difference maps.
All intensities were visually estimated on two separate occa-

2
27 |F1-F
giong, The guantity i;glék.éi_ was 0.09, The two observations of

%
LF+E)
each Intensity were averaged and corrected for Lorentz and polarization
Tactors. Because of the small dimensions of the crystals, no abscrotion
correction was applied. Values of the obzerved structure factors are

given in Appendix I.

F. Refinement of Parameters
The refinement of the projection onto (010) was begun with the
calculation of a Fourier projection based on about half of the'observed
(gp;) reflections, All heavy atoms were shown clearly resolved in posi-
tions consistent with the trial structure. Afomic centers located by
parabolic interpolation and a scale and isotroplc temperature factor
2

- T .
(B= 6) obtained from a plot of log —3°o- against sin‘o’e_ were employed
calc.

in the computation of a second set of (QQ;) structure factors. Thege
served to speclfy the signs of nearly all the remaining observed structure
factors. A further cycle of Fourier refinement yislded calculated struc-
ture factors for which the discrepancy factor R was 0.30. Three cycles
of diagonal least-squares refinement of positional parameters were then
carried out. At this stage the positional parameters had converged even
though the discrepancy factor was still 0.23. Upon cloger examination of
the observed and calculated structure factors it wae found that, for most

reflections,vF(gpi) calculated +too high and F(Qpi) too low, suggesting an
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over-all anisotropié témperature factor. In order to obtain a more certain
indication of the énisotfopy, an hOl difference map was prepared. Shifis
of legs than (.02 A in atomic positions, a small scale factor correction,
and individual anisotropic thermal corrections were cobtained from the 4dif-
fefence map by the method given in Appendix ITI., The axes of anisotropy
were ﬁearly parallel for all stoms, and the indicated displacement was
largeét for 0 and smaliest for 02. The individual atomic corrections

were averaged to give the over-all temperature factor
exp-@lOlth?-+4L0055;?-FG;OO&&Q;). This corresponds in projection to a
direction of maximum vibration approximately normal to the cleavage plane.
Hydrogen atoms Hl and H, were assigned to positions consistent with
reasonable bond lengths and angles in accord with the indications of the
difference map. Upon introduction of the positional and thermal correc-
tions and the hydrogen contributions, the discrepancy factor dropped
sharply to 0.17. A final hOl difference projection (fig. 4) was prepared
which indicated barely significant positional shifts. Fositive peaks
attributable to the methyl hydrogens 53’ Hh’ and H5 were apparent but
there were no other regions of electron density greater than 0.5 electron
K-Q, The intreoduction of the indicated shifts and of the contribution of
these three additional hydrogen atoms (see below) further reduced the

digcrepancy factor to 0.15 (neglecting unobserved structure factors).

Refinement of the projection was now judged satisfactory.
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>It was anﬁicipated that satisfactory refinement of the Okl
ﬁrojection»would be prevented by overiap between.cl, N, and O and by the
relatively small number of observed Okl reflections. It was therefore
decided to base refinement on the 1kl data which, in addition to being
more numerous, present an opportunity to use z novel form of weighted

density projection especially suited for the reduction of overlap.

Weighted dengity projections. A weighted density proJjection

"ig one in vhich the electron density f)(gzg) is weighted by some function
g(;zg) before projection. In normal projections the weighting function

is simply a constant; a section may be considered to be a weighted pro-
Jection in which the weighting function is zero everywhere except in the
plane of the section. The normal projection suffers from the complica-
tions of atomic overlap but possesses the advantage of being easily cal=-
culated from zeré-léyer data alone; the gection is entirely free of over-
lap difficulties but requires considerable computational effort and the
use of a full»set of three-dimensional data. Aside from these two well-
known projections, the weighted density projJectlions of greatest practical
value are those which, although allowing interfering atoms to be projected
with reduced weight, nevertheless may be simply calculated from substan=-
tially lese than the full three-dimensional get of data. Hereafter simple
projections and sections will not be described as weighted density pro-
Jections. Although weighted density projections have been used to deter-
mine atomic coordinates along the axis of projection (5), we shall not

discuss this application but shall instead congider weighted projections



for the selection and refinement»of coordihates in the plane of projec-
tion" (4). We shall assume, as was the case in the refinement of the
N,N'-dimethyl malonamide structure, that the atomic positions along the
axlis of projection have previously been determined, at least approxi-
‘mately.

| The most general real weighting function having the beriodicity
o:f‘,thé lattice and with constant value in planes parallel to the plane of

projection, taken as yz, is

y q00= }'_ An COS 2N (X~ 4n)

where An and é n are constants. The corresponding weighted projection of

the electron density is given by

(3( ‘W) = S; P(x,g ,}\ ﬂ(x) dx
9

= E CH E i Z Flnk )@XP [zm(hwfk\p\)}s}

h=00 K=o =00
[+ -]

Y A, cos 2w (- dx

Nnz=o
4

= S S Fn 2y [(Flid) +Fmud)cos 2tnducosarli )

K--o x-00

+ ( F(nkg)— F(n\d)) sin 2T dn Stn2ky +»3ﬂ

But see the note on "modular" projections in Appendix IITI.
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In general, an isolated atom will be shown in projection as an extremum
in the correct positipn only 1f the atom is cylindrically symmetric about
an axis paxallel to the projecﬁion axis which must itself be normal to
the projection plane (5). However, these severe requirements are relaxed
in the special case that g(x x) = g(x,-x) where %, is the coordinate of
a particular atom. Then an isolated centrosymmetric atom will be pro-
jecte& without peak shift (fig. 5). The peak shape will of course depend
on both E)(gyg) and é(g) and in some cases may be sharpened in comparison
vith a simple projection (6). If the above conditions for unshifted peak
projection of isolated atoms are fulfilled, then equation 2 may be used
for refinement of y and z parameters of significantly weighted atoms in

a manner essentially the same as that employed with a simple Fourier
projection. A conveniesnt way to compensate for series termination errors
and overlap not remedied by the use of the weighting function is to make
use of the weighted difference projectlon which is obtained from eguation
2 by replacing F by (Fgpg. - Fea1c,). Corrections to the positilonal,
thermnal, and scale parameters may be obtained from a weighted difference

projection by the method given in Appendix II.

Refinement of parameters in the yz plane., During the refine~

ment of the projection along the a axis, both FO and F0~Fc synthegses were
prepared from the (15;) dataa According to equation 2, the use of (1@;}
Fourier coefficients réstricts the value of n in equation 1 to unity so
tha£ the weighting function becomeé Cos 27T(§f§m). This proves to be very
convenlent for, by varying x,, the cosine weighting function can be

pogitioned in the cell so asg to minimize troublesome overlep in the region
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of any given atom. We shall call Cos 27f(§f§m) a sliding weighting func-
ﬁion to emphasize this possibility. According to equation 2 the weighted

projection of electron density is given in this case by the expression

(\y{,\- 'lz‘z E—_ {[ F(mg)-r\:(‘\\qﬁ_\ cos 2ﬂ(\<\‘+Q?DCDSZﬂCS
9=~

Ke-
3)

+ [FOwd - F (i) smamliogdy) SINATE

By choosing;é equal to X the x parameter of a given centrosymmetrical
atom, that atom is projected with maximum weight and without peak shift.

° -
In the present case with a = 8.66 A, Cos 2ﬂ'(§:§m)~aoes nct vary rapidly
enough in the reglon of an atom at x, to require that<§ be precisely egqual
to the atomic coordinate. In fact, slight displacements may intentionally
be introduced in order to give minimal weight to interfering atoms. In

practice, the two projections (figs. 7, 8)

ba) Z Z [ Faxd)+ Q)] Cosamlsyrly) cos 2wd
Ke-@ V-0

“and

2 i—_ Furd) - F(kD)] Stnar(ky s o f

Kz-@ Y=-00
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or the analogous difference projections (figs. 9 and 10) were prepared
aﬁd then combined in the ratio ,Cgﬁ.?lﬁé: in order to place the

Sin 2W
sliding weighting function Cos 2W(x-&) in the desired position. The
necessary labor was kept to a minimum by combining the cosinevand sine
projections only in the neighborhood of the atom under examination.

Using x snd z parameters from the refined h0l projection and y
pafameters from the trial structure, 1kl structure factors were cal-
culated; after adjustment of scale and temperature factors, R was 0.30.
Signs were assigned to about 5/4 of the observed 1kl reflections which
vere used as coefficients in the calculation of the sine and cosine
weighted projections (equations 4a and 4b). These two projections were
combined in the region of each heavy atom in the manner described above,
Peaks were located by parabolic inﬁerpolation and new structure factors
were cglculated with the inclusion of contributions from the hydrogens
Hl and Hg.’ The discrepancy factor dropped to 0.24. TNext, a set of
weighted difference projections was prepared (figs. 9 and 10). These
indicated several shifts of aboutC.02 2 in the y and z parsmeters. Io
anisotropic thermal vibration in the plane of projection was indicated but
the isotrbpic temperature factor for the oxygen atom was found to be
greater by about one B-unit than that for the otﬁer atoms. Peaks found in
pesitions where methyl hydrbgens might be expected were utilized along with
packing considerations and the final hOl difference synthesis to fix the
positions of the hydrogens HE’ H&, and H5. Fig, 11 is a weighted dif-
ference projection along a in which the oxygen atom has been given maximum

welght in order to reduce overlap by C; and N. Corrections to thermal and
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positional parameteré were computed from this map by the method of
Appendix II.

Structure factors were calculated incorporating the positional
and thermal corrections indicated by the difference maps and containing
all hydrogen contributions. The scale factor and the over-all tempera=-
ture factor were adjusted by the method of least squares. For atoms

other than oxygen, the temperature factor used in the calculation of the

2
final structure factors was exp-[ SSTELn et\ for Fgyy and

A

2
exp= §;9_§22;~;i for Flkl' For both layers an additional temperature
2 2%

factor exp- X?Jlﬁ%ﬁf_:1 was applied to the oxygen atom. The final
discrepancy facta;s wvere R(Okl)= 0.152 and R(1kl)= 0.158 (neglecting
unobserved reflections and the two most intense reflections for which
considerable extinction was apparent).

An encouraging check on the use of the welghted projections is

found in the comparison of the z coordinates resulting from the hOL and

the 1kl refinements (cf. Table 1); the maximum difference is0.006 a.

Table 1

Conmparison of z Coordinates

Atom z from 1kl refinement -z from h0l refinement Difference
- (cell unite). (cell units) (%)
Co ' 0.2500 0.2500 -
Cl .1832 .1832 C.000
C, L0768 L0766 .00k
il L1436 L143h . 00k

0 » L1674 L1677 .006



-65..‘

The averaged values of the 2z coordinates and the other positional
and thermal parameters are given in Table 2, The probable error in the
-] .
length of a bond between heavy atoms is .012 A; the probable error in a
)

bond angle of 120 degreesz ig ,9 . These estimates of error are based on

the relation (7)

2“V bz. \';Z [ 'Fo(\‘ o) - Feln of)]z' )

n

Here, C is the curvature of the nth atom calculated for the well-resolved
and nearly orthogonal hOl projection. The area A is equal to ac sinfg .
Comparison with Table 1 indicates thils estimate of probable error is per-

haps conservative,

Table 2

Atomic Cocrdinates

Atom x L z
Cq .5000 .1836 2500
Cq 4880 L3770 .1832
¢, . 23262 5503 L0767
i 3570 . 37h2 L1435
0 5968 .5350 L1676
H, 595 : .058 249
,Hg 267 .270 157
Hy +395 L1352 LOTT
H, .348 1k 035

K .211 605 071
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Table 3

Intermolecular Distances and Angles

Distance N, -Dimethyl malonemide Selected Valueg for Peptides (8)

4 o
¢,y 1.52 A 1.53 A
Cl"o ’ 1.2)":' ln2j+
0y - ' 1.505 1.32
C -N 1.48 | 1.h47
N-H.o .0 20795 2079 -: 012
CO-Hl 1.00 -
N-H2 .96 -
02-35 1,02 -
CQ-HLI- 1003 -
02-}15 1.0% -
Angle

' o]

€1C,C1 109 -"
Cy=Cq -0 117 121°
co-cl—m 117 114
0~C,-H 126 125
C l-m‘-cg : 124 ’ 123
Ca"Nc " QO llO llo

G. Discussion of the Structure

Interatomic distances and angles are listed in Table 3 and shown
in fig.lle. The molecular configuration may be simply described by con-
sidering the two planar peptide groups to be rotated out of a common plane

about the CO~C1 bonds while preserving two-fold rotationél symmetry about
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FIG. 13 THE PACKING OF MOLECULES IN A
HYDROGEN-BONDED LAYER WITH A
MOLECULE OF AN ADJOINING LAYER
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the central carbon until the angle betweeﬁ the normzls of the two planes
1g 94° (rig. 1). Each molecule is hydrogen bonded to the four neighbors
related to>it by the C-center ﬁranslations (fig. 2). These hydrogen-
bonded molecules form a layer parallel to the cleavage plane and suc-
ceggive layers are related by the c-glide (fig. 13).
| The five atoms of the trans peptide group are co-planar, the

maximum devistion from the median plane being 0.007 3. The hydrogen-
bohded peptide groupé of adjacent molecules are alsc co-planar; the
hydrogen-bonded N...0 directionideviéting from the plane of eifher by
only 0.50. The symmetry of the unit cell requires that the planesg of
these peptide groups be parallel. Their actual co-planarity suggests
that H2 is also co-planar with the amide group.

The packing between molecules not hydrogen bonded to each other
(fig. 13) is determined by interatomic contact distances in good agree-
ment with conventional van der Wasls radii (9). No unusually short
van der Waals contacts occur in the structure.

The value 117° found for the angle Co-Cl-O ls very significantly
less than has been found for the corresponding angle in related compounds

and the angle CG-C -0 is accordingly greater. Comparison of the observed

1

values of the angles about C, with the selected peptide values given in

1

Table 3 suggests that the resconance structure

C o 2
N
+/N—-—C,
H e,
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makes ap’unusually'large contribution toAthe amide group in N,N'-dimethyl
‘malonamide, The obsgrved Cl~0 and Cl-N bond lengths in peptide amide
groups studied to date agree well (8) with the assumption of 40 per cent
conﬁribution of structure I and 60 per cent contribution from the struc-

ture

IT

If structure I makes more than a 40 per cent contribution to the amide
group of N,N'-dimethyl malonamide, the CI-N bond should be shorter than

1.32 & and the C.-0 bond should be longer than 1.24 &. The observed

1
length (1.505 2) of the C,-N bond corresponds (10) to a 50 per cent
contribution each from structures I and II. If this assignmen; is cor-
rect, the Cl~0 bend length would be expected to be 1.255 K, significantly
longer than the value 1.24 £ found in this investigation. It will be
shown, however, in the following section, that the actual Cl~0 bond
length has probably been underestimated by approximately this amount.

It seems likely, then, that N,N'-dimethyl malonamide presents an extreme

case of amide group resonance,
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" The oxygen gtom appears to be vibrating sirongly and iso-
tropically in directions normal to the C;-0 bond. It is estimated from
| the_inﬁications nf tﬁe differehce maps that the temperature factor in
these directions is about one B-unit greater for the oxygen than for the
'carbon. Because the value of the force constant for bond bending is'less
than For bond stretching, it is reasonable to suppose that the electron
density distribution of the oxygen atom i1g concave toward the carbon atom.
In projection this would result in an apparent shortening of the Cl-O
distance. An estimate of the amount of contraction to be expected in
such cases may be obtained under the assumptions that the bond length
vemaing constant during the vibration and that the probability of a glven
displacement is a Gaussian function of its magnitude, Then, if the bond
lies approximately parallel to the projection plane and executes small
vibrations with mean square amplitude EE in a plane normal to the plane
of projection, the épparent contraction of the bond length 1s given by

the expression

u* B
d  8m¥d

:ﬁ
N
o
1
!

where 4 is the actual bond length. In the present case, with B= 1, this

o
correction is 0.0l A.



-68=

Appendix I
Cbeerved and Celculated Structure Factors for N,N'-Dimethyl Malonemide'

101 reflections

F

P— L obs Fcalc h obs cale
2 767 -809 10 N 16 -33

4 811 779 2 -2 978 ~123k

6 Lz K01 2 -l 275 286

3 361 -33l 2 -6 580 518

10 329 ~352 2 -8 69

12 312 335 2 -10 96 -1h7

1k 63 -11 2 -12 257 250

16 22 25 2 -l 158 113

18 61 -31 2 -16 75 -86

20 18 -16 2 -18 10

2 480 L21 2 -20 28 Lo
2 2 362 =371 i -2 L1k 38l
2 4 6T 1763 L -k Lo2 L1k
2 6 125 129 N -6 379 -315%
2 8 201 -198 i -8 21 97
2 10 82 122 I -10 79 32
2 12 110 =51 b -12 11k ~1%6
2 1y 126 ~171 i -1k 72 -ly7
2 16 135 140 b -16 115 116
L 32l -364 I -18 2k -11
L 2 562 =557 6 -2 68 -7
i L 465 410 6 =k 91 89
l 6 87 -13h 6 -6 2k ' -280
i 2 Lith -113% S -8 L3 30
Iy 10 191 211 6 -10 bl 1253
Iy 12 60 40 6 -12 95 -60
L 1h 11k -120 6 -14 21 23%
6 207 194 6 -16 81 101
6 2 26 37 6 -18 12 -96
6 L 69 52 8 -2 320 ~330
6 6 15 =37 8 -4 133 102
6 8 15 -11 8 -6 116 11k
6 10 59 -75 8 -3 116 -55
6 12 51 48 8 -10 L9 50
8 139 28 8 -12 23 28
8 2 88 &) 8 -1k 39 -79
8 b 113 -82 10 -2 101 -6k
8 6 %2 57 10 =l 89 101
8 8 - 49 66 10 -6 35 3l
8 10 31 -65 10 -8 121 -89
10 58 4é 10 =10 b7 -5

10 -2 20 -32 _ :

* Structure factors refer to the half molecule and have been multiplied by
100.
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Observed and Caleulated Structure Factors for

OMNNNORNDDMONNDND DR

k)

T e N L e

ji=

-
O N0 O3 AR =0 D =

ops

929
458
150
150
116
203
4189
352

Lo -

183

=

g

®

0kl

calc

-813%
~791
498
~-3L09
-361
37k
-l
39
=57
-20
468
155
b

1k
222
-L07
155
169
~219
89

1kl

calc

1152
L33
123
1%2
-82

-209
514

-296

=457
185
=40

reflections

reflections

=

e e e e e R S R R RS R )

=

B b b b e b p b e e

WTOWNT

Nyl

*
'=Dimethyl Malonamide

fi—

11
12
15
1k
15
16
17
18
19
20
21

1z2

obs

79

20
21
B4
57
16
21
26

Fealce

22
-4
-2l
X7
17
-25
-30 -
..,67
=41
43
..78
36
30
-.52
'-LL:’)
-15
49
11

Lalwd

27

18
=1
=3
-22
..lj

calc

50
26
12

-2

-3

101
65
11

_
=o2

-14
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Observed and Calculated Structure Factors for N,N'-Dimethyl Malonamide*

1kl reflections (cont'd)

g b e b e b e AT AT AT AT AT AT AT AT AT 08 08 A 0808 08 O D8 8 MO8 O R O8O D

k 1 Fobs Feale k 1 Fobs Foalc
48 1 -12 250 266
1 14 17 1 -13 29 =45
2 125 -132 1 -1k 7
3 173 113 1 -15 31 L6
I 2Lh 196 1 -16 79 -111
5 124 -122 1 -17 -3%
6 65 -8 1 -18 3% -7
7 78 -100 1 -19 9 28
8 78 -95 1 -20 -1
9 18 37 1 -21 11 -16
10 37 =53 1 -22 11 10
11 Th 78 3 -1 81 -36
i2 76 7 3 -2 116 &7
13 15 -1k 3 -3 W3 145
1k 17 -2% 3 -4 80 -98
B 16 -1 3 -5 53 -19
16 3 3 -6 172 -121
17 12 13 3 -7 171 -161
81 -%6 3 -8 131 121
1 k3 -29 3 -9 19 16
2 31 1 3 -10 15 -2k
3 =T - 3 -11 -5
N 11 3 -12 20 - 48
5 11 -l 3 -13 24 30
6 8 6 3 -1k 2% -13
7 op -29 3 -15 23 27
8 8 -16 5 -1 €9 82
-1 678 -678 5 -2 Bit L6
-2 [ -606 5 -3 5
-3 627 67k 5 -k 19 -16
=l 885 -1056 5 -5 L3 =45
-5 20 -23% 5 -6 25 -13
-6 627 653 5 =T 27 9
=7 %38 -3hk2 5 -8 1k 10
-8 2Ll =207 5 -9 11 =7
-9 7 =70 5 -10 12 6
-10 58 -89 5 -11 9 -2l
-11 130 126 5 -12 15 -11
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Appendix IT
Calculation of Scale, Positional, and Temperature

Factor Corrections from Difference Maps

The method used to obtain corrections from difference maps starts
*
with the supposition that the projected difference density in the neigh-

borhood of an atomic center way be expressed as

D(xx,) = ( Immj f( H)exP[‘T:-BOHﬂ Epo_(AB.H? +L\B,H‘;)]-

cos2m [ (xi=axH +Oa-ax)H d iy

— f F(H) exp[Z B, K] Coszm(Hx.tH.x) dFl,,

(-]
where gi and X, are measured in A from the agsumed atomic center
)

B. is the uncorrected lsotropic tempersture factor in ﬁ“

Ky %5 X Bl, B2 are the scale, positional, and thermal
correctlons to be added to the uncorrected
values

f(h) 1s the atomic form factor

Hl and H, are the components along ‘_)gl and X5 of the continuous

reciprocal vector H

This representation of D is correct if

1) The contribution of overlapping atoms is negligible.

2) The atomic scattering factor in three-dimensional reciprocal space
is of the form ﬂ!‘.\)exP[%Z Hi“.iBﬁ] if the projection is a normal
one or of the more restrictive form S:(B)exp['-}—;'(\'\?'ﬁﬁ \'\;.31.*\\133;\]

in case 33 is constant but non-zero (i.e. for projections cal-
culated from non-zero layer data).
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Ay is area in reciprocal space
g .
w= 4 5inf@
The integrations cover that part of reciprocal space from which data
have been drawn for the compuitation of the projection.

Then, by straightforward elimination of terms of order higher

than the first in k, ‘_}gl, Xs Bl’ }3{2 from the expressions for D, Q-D.-,

CRS]
2 2
9D | 9D ang 3—%—, there result the equations
%,  oxe X :
: =1
'LD 'aiD
2 Y ( )
Ak = .ﬂLIsD@ *‘13(37&’. 0 Y1l\ox).

811-3 (1\15'13;)
) %
_Mﬁl"" ( X, Q/AHT?I3

A?£2=. (%)a /"1’“3 1 |
310)

2
D
4\'ﬂ1:[3-[5-b (o) + ("ﬂ.l«: ‘21?) (%ﬁ)e + (7:.[-2;' ‘1:\;}(3’)&‘ A
45T 210 Ts (L1s-12)

i

DD ‘D
4T, T DO +(2TT-11s) (—;;i?);f (31.15213@ )
4% - 2T L (T T-T3)

where Ih = g g(\—\) eX‘PKEI'B,W'] Hn A W
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The integrals In)are easily fouﬁd by graphical integration using
ﬁabulated atomic scattering factors.

For projections based on zero-layer data out to a limit of
H = 1.30 values of the I for B = & are given in Table A. The atomic

form factor values of McWeeny (11) have been used in their evaluation.

Table A
Carbon Nitrogen Oxygen
Il 0.836 1.0kk 1.304
I, 0.317 0.382 c.h62
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Appendix TIT
Note on the Modular Projéction

The composite projection given by

{3 (\j'b) \{( P(x\ﬁ) Cos2Tt nxdx) (g x\]})s\mnhx%

has been used in connection‘with a direct structure determination and

refinement (12). For the refinement of atomic parametersf):n resembles

a normal projection in that all levels of x are significantly weighted in
one projection. In this "modular" projection an isolated centrosymmetric
atom is projected without peak shift. When overlap is present, however,
there occurs a rather complicated distortion which in general does result
in peak shift. This distortion may be understood In terms of the dif-
ference between the square of the simple projection and the square of the

modular projectioﬁ. This difference is a convenient measure of the dis~

tortion iniroduced by the modular projection and is given by the expression

t %
Pﬂl‘w —|{,pe=y? AX) =
J { PP YP| cosamnlxx) - ) dxdx

Trom the right hand side it is seen that an isolated centrosymmetric atom
will be proJjected without peak shift but that in case of overlap‘a
complicated interaction occurs between the eleétron densities of the over-
l&pping atoms with the general result that atomic peaks appear shifted

from thelr correct positions.
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PROPOSITIONS

1) A specific molecular mechanism is proposed for the powerful mutagenic
action of 5-bromouracil on bacteriophage. Some critical experiments

yare suggested.

2) Hughes (1) has stated that in 'generalized projections' unless the
projection axis 1s perpendicular to the other two axes the general-
ized projection of a spherically symmetrical atom does not show an
extremum in a position corresponding to its true coordinates. It is
propoged that there exists an important exéeption to the above

regtriction.

A gimple expression is proposed for the egtimation of errors in bond

AN
e

lengths calculated from projections of vibrating atoms.

4)  gledberg (2), in deriving an expression for the sedimentetion of
charged molecules, employs an argument involving the electrical
potential which is unnecessarily complex and physlcally misleading.

An alternative derivation is proposed.

5) Kraemer (3) is lead by an equation of the form zero equals zero to
the faise conclusion that for colloidal solutes in concentrated salt
solutions, combination between the sedimenting solute and some other
compenent of the solution may give rise‘to quite appreciable érrors
in melecular weight values determined by the method of sedimentation

equilibriun.



6) The measurement of amall concentrations of substitution defects in
crystals is seriously hindered by non-substitutive contamination.
A method is proposed by which this difficulty may be overcome in
the special but biologically interesting case of racemic crystals

~of optical enantiazmorphs.

7) Ievinthal (k),oﬁ the bagls of auto-radiography of DNA containing
radiocactive phosphorus, has concluded that DNA prepared from
bacteriocphage by osmotic shock consists of at least two very dif-
ferent molecular weight species. Another explanation iz proposed
for Levinthals findings which does not require molecular weight
heterogeneity of the DNA, A simple experiment is proposed which

should distinguish between the two explanations.

8) The apparen: monodispersity (5) of DNA from bacterioéhage T4 suggests
that the molecules of this material are in some sense also discrete
in vive. This speculation is mede more plausible by the molecular
weight value itself which corresponds to about 12 molecules of DNA
ey bhage particle, a number consistent with the apparent symmetry

of the virus. A method is vroposed Ffor directly determining the slize
of the heritable sub-~units.

9} The arrangement of the DNA in bacteriophage varticles may be in-
vegtigated by measurements of the survival of oriehtated phage alfter
irradiation with polarized ultraviolet light. A detalled experi-

mental approach iz offerred.



10)

- 13)

1)

2y

3)

5)

6).
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It is proposed that the technigue of density gradient centrifuga-
tion of DNA lends itself to experiments able to test critically

gome pregent models of the mechanism of DHA replication.

At room temperature the scattering of X-rays by crystals of
N,N'~dimethyl malonamide indlcates the presence of disorder (6).
AL very low temperatures, a transition to another structure takes
place and no evidence of disorder ig found. A single crystal can
be made to undergo this transition repeatedly. The curious
distridbution of the diffuse scatitering suggeste an exvlanation for
this behavior. It is proposed that this system be investigated in

detall and specific procedures are suggested.
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