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of Sloan-Kettering Institute for partial sequencing of the final 
chymotrypsin product and to Anthony Mazzeo for assistance 
with amino acid analyses. 

References 
Barker, W. C., & Dayhoff, M. 0. (1976) in Atlas of Protein 

Sequence and Structure (Dayhoff, M. O., Ed.) Vol. 5, 
Suppl. 2, pp 105-1 12, National Biomedical Research 
Foundation, Silver Springs, MD. 

Bradford, M. M. (1976) Anal. Biochem. 72, 248-254. 
Breslow, E. (1979) Annu. Rev. Biochem. 48, 251-274. 
Breslow, E . ,  & Gargiulo, P. (1977) Biochemistry 16, 

Breslow, E., Aanning, H. L., Abrash, L., & Schmir, M. (1971) 
J .  Biol. Chem. 246, 5179-5188. 

Breslow, E., Weis, J., & Menedez-Botet, C. J. (1973) Bio- 
chemistry 12, 4644-4653. 

Brownstein, M. J., Russell, T., & Gainer, H. (1980) Science 
(Washington, D.C.) 207, 373-378. 

Camier, M., Alazard, R., Cohen, P., Pradelles, P., Morgat, 
J. L., & Fromageot, P. (1973) Eur. J .  Biochem. 32, 

Capra, J. D., Kehoe, J. M., Kotelchuck, D., Wallter, R., & 
Breslow, E. (1972) Proc. Natl. Acad. Sci. U.S.A. 69, 

3397-3406. 

207-2 14. 

43 1-434. 
Chaiken, I. M. (1979) Anal. Biochem. 97, 302-308. 
Chauvet, M. T., Codogno, P., Chauvet, J., & Acher, R. (1977) 

Chauvet, M. T., Codogno, P., Chauvet, J., & Acher, R. (1979) 

Cohen, P., Nicolas, P., & Camier, M. (1979) Curr. Top. Cell. 

Drenth, J. (1981) J .  Biol. Chem. 256, 2601-2602. 
Ellman, G. L. (1964) Arch. Biochem. Biophys. 82, 70-17. 

FEBS Lett. 80, 374-376. 

FEBS Lett. 98, 37-40. 

Regul. 15. 263-318. 

Erlanger, B. F., & Edel, F. (1964) Biochemistry 3, 346-349. 
Erlanger, B. F., Edel, F., & Cooper, A. G .  (1966) Arch. 

Feder, J., & Lewis, C., Jr. (1967) Biochim. Biophys. Acta 28, 

Furth, A. J., & Hope, D. B. (1970) Biochem. J .  116,545-553. 
Guidice, L. C., & Chaiken, I. M. (1979) Proc. Natl. Acad. 

Sci. U.S.A. 76, 3800-3804. 
Hirs, C. H. W. (1975) in Handbook of Biochemistry and 

Molecular Biology (Fasman, G. D., Ed.) 3rd ed., Vol. 11, 
pp 212-214, CRC Press, Boca Raton, FL. 

Menendez-Botet, C. J.,  & Breslow, E. (1975) Biochemistry 

Nicolas, P., Camier, M., Lauber, M., Masse, M. J. O., 
Mohring, J . ,  & Cohen, P. (1980) Proc. Natl. Acad. Sci. 

North, W. G., Valtin, H., Morris, J. F., & LaRochelle, F. T., 
Jr. (1977) Endocrinology (Philadelphia) 101, 110-1 18. 

Reisner, A. H., Nemes, P., & Buchotz, C. (1975) Anal. 
Biochem. 64, 509-5 16. 

Schlesinger, D. H., Audhya, T. K., & Walter, R. (1978) J .  
Biol. Chem. 253, 5019-5024. 

Schmale, H., & Richter, D. (1981) Proc. Natl. Acad. Sci. 

Sedmark, J. J., & Grossberg, S. E. (1977) Anal. Biochem. 79, 

Steinhardt, J., & Beychok, S. (1964) Proteins, 2nd Ed. 2, 

Sur, S .  S . ,  Rabbani, L. D., Libman, L., & Breslow, E. ( I  979) 

Swank, R. T., & Munkres, K. D. (1971) Anal. Biochem. 39, 

Walter, R., & Breslow, E. (1974) Methods Neurochem. 2, 

Biochem. Biophys. 115, 206-210. 

318-323. 

14, 3825-3835. 

U.S.A. 77, 2587-2591. 

U.S.A. 78, 766-769. 

544-552. 

139-304. 

Biochemistry 18, 1026-1036. 

462-471. 

247-219. 

Characterization of a Highly Soluble Collagenous Molecule Isolated from 
Chicken Hyaline Cartilaget 
Charles A. Reese, Hanna Wiedemann, Klaus Kuhn, and Richard Mayne* 

ABSTRACT: Recently, we have isolated a new collagenous 
molecule from chicken hyaline cartilage after limited pepsin 
digestion. This molecule, which contains interchain disulfide 
bonds, has been called the high molecular weight fraction or 
HMW [Reese, C. A., & Mayne, R. (1981) Biochemistry 20, 
544344481, We now present a detailed model for the 
structure of HMW, the model being derived from analyses 
both of components of HMW obtained after denaturation 

either with or without reduction and from electron microscopic 
observation of replicas of HMW obtained after rotary shad- 
owing. We propose that HMW is a typical, triple-helical 
collagen molecule of length 134 nm, in which one of the chains 
has been cleaved at a distance of 96 nm from one end of the 
triple helix, while the other two chains remain uncleaved. The 
result of this cleavage is the appearance of a recognizable kink 
in molecules of HMW when visualized after rotary shadowing. 

have recently reported that chicken hyaline cartilage 
contains two collagenous molecules which we have called the 
high molecular weight (HMW) and low molecular weight 

(LMW) fractions, these collagens comprising approximately 
5% of the total soluble collagen (Reese & Mayne, 1981). 
HMW and LMW are solubilized after limited pepsin digestion 
of chicken sterna and can be fractionated from type I1 collagen 

& Hollister, 1979) by differential salt precipitation performed 
in acidic conditions, these molecules remaining in solution at 
1.2 M NaC1-0.5 M H O A ~  but being precipitated at 2.0 M 
NaCI-0.5 M HOAc. The relationship between HMW and 
LMW is at present uncertain, and it is not known if LMW 
is derived from HMW by further proteolytic cleavage (Reese 
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& Mayne, 1981). HMW is very similar in amino acid com- 
position and solubility properties to a collagenous molecule 
recently isolated from pepsin digests of mammalian cartilages 
(Shimokomaki et al., 1980; Ayad et al., 1981) but differs in 
being larger and in giving rise to several peptides (called C-I, 
C-2, and C-3) after denaturation and reduction. In the present 
paper, we present a detailed model for the structure of HMW, 
the model being derived from biochemical analyses of the 
peptides derived from HMW after denaturation and reduction 
and from electron microscopic observation of HMW by using 
the rotary shadowing technique. 

Materials and Methods 
Isolation and Fractionation of HMW. Collagen was solu- 

bilized from chicken sterna by limited pepsin digestion, and 
HMW together with LMW was prepared by fractional salt 
precipitation between 1.2-2.0 M NaCl and 0.5 M acetic acid 
as described previously (Reese & Mayne, 1981). Separation 
of HMW from LMW was achieved by molecular sieve 
chromatography (Bio-Gel A-5m) after denaturation (Reese 
& Mayne, 1981). For further characterization, HMW was 
reduced with 2-mercaptcethanol (0.1 M) a t  37 "C and al- 
kylated with iodoacetic acid (0.2 M) a t  room temperature as 
described (Mayne et al., 1977). The three components, C-I, 
C-2, and C-3, obtained after reduction of HMW were frac- 
tionated by molecular sieve chromatography on a column ( I  .5 
X 155 an) of agarose beads (Bic-Gel A-ISm, 2lM-4IXl mesh). 
The column was eluted with I M CaC12-50 mM Tris-HCI, 
pH 7.5, at a flow rate of 7.4 mL/h. Calibration of the column 
was achieved with a mixture of cyanogen bromide peptides 
derived from chicken type I1 collagen. 

Polyacrylamide Gel Electrophoresis. Characterization of 
the components C-I, C-2, and C-3 was carried out by Na- 
DodS0,-polyacrylamide gel electrophoresis with 5-7.576 
gradient slab gels as described previously (Reese & Mayne, 
1981). Peptides obtained after Staphylococcus aureus V8 
protease digestion were separated with 9-15% gradient slab 
gels. 

S.  aureus V8 Protease Cleavage. The digestion conditions 
were as described previously (Reese & Mayne, 1981). except 
that the enzyme to substrate ratio was 1 to IO. 

Amino Acid Analyses. Samples were hydrolyzed in 2 mL 
of constant-boiling HCI at 108 "C for 24 h and were analyzed 
with a Beckman 121 M automatic analyzer by using a dual 
column procedure as described previously (Butler et al., 1977). 

Rotary Shadowing. Samples were dissolved in 0.1 M 
HOAc (IO pg/mL) to which an equal volume of glycerol was 
added. The samples were sprayed onto mica disks, placed in 
the vacuum chamber of an Edwards Model 306 vacuum 
mater, and evacuated to a pressure of 1 X torr before 
being shadowed with platinum at an angle of 9 O  followed by 
carbon coating at 90°. The replicas were floated on water, 
picked up on a grid, and examined in a Siemens electron 
microscope (Elmiscope 102). Full details of the procedure, 
together with the calibration procedures for the electron mi- 
croscope and the photographs, have been given elsewhere 
(Kfihn et al., 1981). Lengths of individual molecules were 
determined by using a Nunomic electronic graphic calculator. 

Results 
Initially, HMW and LMW were isolated as the precipitate 

obtained after dialysis of a solution of pepsin-solubilized 
collagen from 1.2 M NaCM.5 M HOAc to 2.0 M NaCI-O.5 
M HOAc. HMW was then separated from LMW by mo- 
lecular sieve chromatography after denaturation (Reese & 
Mayne. 1981). followed by desalting and lyophilization. Figure 
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FIGURE I: Agarose (BioGel A-l.5m) molecular sieve elution pattern 
of HMW after reduction and alkylation. Bars indicate fractions of 
C-I, C-2. and C-3 which were pooled for further purification by 
repeated molsular sieve chromatography. lNet shows sodium dodecyl 
sulfate (NaDodS0,)-polyacrylamide gel electrophoresis (5-7.5% 
gradient gel) of (lanes 1 and 2) HMW before and after reduction 
and (lanes 3-5) C-I, C-2, and C-3, respectively 

I 2 3  

~ G U R E  2 NaDodSO.-polyacrylamide gel electrophoresis (9-1 5% 
gradient gel) of peptides obtained after S. aureus V8 protease digestion. 
The digestion was performed in electrophoresis sample buffer but 
without NaDodSO, (37 "C, 30 min, enzyme:substrate ratio = 1:lO).  
Before electrophoresis, NaDodSO, (final concentration 0.1%) was 
added and the sample heated (100 "C, 30 s). Lane I ,  C-2; lane 2, 
C-I; lane 3, C-3. Each lane was loaded with 50 pg of sample. The 
larger arrow indicates the doublet band of the V8 protease enzyme. 
The small arrows indicate bands shared by C-l and C-2 or C-l and 
c - 3 .  

1 shows the separation by agarose gel filtration of the three 
components C-I, C-2, and C-3 obtained after the reduction 
and alkylation of HMW. Further purification of each com- 
ponent was achieved by a second passage over the agarose 
column, so that each component gave a single band on poly- 
acrylamide gel electrophoresis (Figure 1. inset). Calibration 
of the agarose column with a mixture of CNBr peptides de- 
rived from chicken type ll collagen gave molecular weight 
values of 87500, 5 1  000, and 36400 for C-I, C-2, and C-3, 
respectively. The molecular weight of C-l was therefore the 
sum of the molecular weights of C-2 and C-3, suggesting that 
C-2 and C-3 may occasionally be joined by a nonreducible 
cross-link. In order to examine this possibility directly, C-I, 
C-2, and C-3 were separately digested with S. aureus V8 
protease and the resulting peptides analyzed by polyacrylamide 
gel electrophoresis (Figure 2). Several prominent peptides 
were present in the digests of both C-l and C-2, and, in ad- 
dition, some peptides derived from C-3 could also be observed 
in the digest of C-I. It therefore seems likely that C-l arises 
from the formation of a nonreducible linkage between C-2 and 
C-3, and the rotary shadowing observations of HMW which 
will be described below strongly support this suggestion. 

Amino acid analyses were made of C-I, '2-2, and C-3 to- 
gether with the component C-4 (to be introduced below) and 
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Table I: Amino Acid Compositions of Components Recovered 
after Agarose Gel ChromatographP 

residues11 000 

amino acid C-l c- 2 c-3 c4 
~ - H Y P  
~ H Y P  112 112 89 I61 
ASP 59 60 4 8  53 
Thr 18 I8 19 9 
Ser 21 27 19 20 
Glu 93 89 I28 62  
Ro 1 I4 118 87 146 
GlY 319 317 335 327 
Ala 56 54 47 48 

Val I5 14 30 20 
Met0 5 4 5 5 
Ile 24 26 20 14 
Leu 50 51 41 59 
T Y ~  2 2 5 trace 
Phe 5 5 3 trace 

'/,-Cy sb 4 3 3 0 

R E E S E  E T  A L .  

Each analysis is expressed as residues11000. No corrections 
were made for loss of threonine or serine, or the incomplete 
release of valine. * Determined as S-(carboxymethy1)cysteine. 
E Determined as the sum of methionine and methionine sulfoxide. 
The values are the average of closely agreeing duplicate determina- 
tions. 

FIGURE 3 Electron micrograph of the 2.0 M NaCI-0.5 M HOAc 
prsipitate as ohsewed after the technique of rotary shadowing. Many 
of the larger molecules of HMW possess a prominent kink giving rise 
to a short and long arm. Smaller rods of LMW are also present. 

are presented in Table I. In general, the results show that 
all four components are collagenous with compositions very 
similar to analyses for type V collagen, having the charac- 
teristically low content of alanine as discussed previously 
(Reese & Mayne, 1981). 

The precipitate obtained at 2.0 M NaC14.5 M HOAc, 
which contained HMW and LMW in native form, was dis- 
solved in 0.1 M HOAc, and replicas were prepared by using 
the rotary shadowing technique. The replicas were picked up 
on a grid and examined in the electron microscope (Figure 
3). HMW was observed as a linear molecule in which a 
prominent kink was often present at one location along the 
molecule, giving rise to a short and a long arm. The'angle 
between the short and the long arm was not fixed, and occa- 
sionally molecules were observed in which the short arm was 
apparently folded back on the long arm. Molecules of LMW 
were also sometimes observed as short rods. Measurement 
of the length of HMW gave the following values: (i) total 

c- 3 i-$ I / 
FIGURE 4 Model for the structure of HMW and for the component 
C-l obtained after reduction of HMW. In this model. each chain 
is joined to the other chains by at least one disulfide bridge, and in 
some molecules, a nonreducible crw-link is present between C-2 and 
C-3, giving rise to C-l after reduction. The arrow signifies the location 
of a probable pepsin-sensitive site. The precise location and structure 
of the disulfide bridges and the nonreducible cross-link in HMW are 
at present unknown, but both must be present in the long arm. The 
location of the amino and carboxy termini of the molecule is also 
unknown. 

length = 134 nm (standard deviation * 5  nm, 117 molecules 
measured); (ii) length of the long arm = 96 nm (+S nm, 41); 
(iii) length of the short arm = 38 nm (*3 nm, 41). It is 
possible to calculate the molecular weight of a collagen chain 
present in a molecule of HMW from the length of HMW. The 
calculation requires the use of the previously determined value 
of 0.286 nm for the residue length of a chain present in the 
collagen triple helix when measured parallel to the axis of the 
molecule (Rich & Crick, 1961) and an average molecular 
weight of 1 IO for each amino acid of HMW including possible 
carbohydrate residues (this is the same value which was re- 
cently used for type IV collagen; KChn et al., 1981). The 
molecular weight of a chain present in the full length of HMW 
was calculated to be 51 500, and by a similar calculation, the 
molecular weight of a chain present only in the long arm of 
HMW was calculated to be 36900. These values agree very 
closely with our previously determined values for the molecular 
weights of C-2 and C-3 as determined by agarose gel filtration 
(51 000 and 36400, respectively) and have led us to propose 
a model for the structure of HMW, which is shown in Figure 
4. It is suggested that the kink arises in molecules of HMW 
because either one of the chains has been cleaved during pepsin 
digestion or, less likely, cleavage has occurred during tissue 
processing of a precursor molecule. The other two chains then 
remain uncleaved. After denaturation, all three chains con- 
tinue to be interconnected in the long arm by disulfide bridges, 
and occasionally a nonreducible cross-link is formed in the long 
arm between C-2 and (2-3, giving rise to C-I. The model leads 
to several predictions which can be tested experimentally. 
Since the short arm of HMW is observed by rotary shadowing, 
it must be in a triple-helical conformation. A peptide C-4 must 
therefore be present in native molecules of HMW, which is 
not disulfide bonded to the other chains and is lost from HMW 
during denaturation. The molecular weight for C-4 can be 
calculated to be approximately the difference in molecular 
weights of C-2 and (2-3, or 14600. We have now isolated C-4 
from HMW after denaturation without reduction (see below) 
and found the peptide to have an apparent molecular weight 
by agarose gel filtration of 14000. Another feature of the 
model is the assumption that all molecules of HMW have been 
cleaved between C-4 and C-3, despite the fact that the kink 
cannot always be recognized in molecules of HMW after 
rotary shadowing. It can, however, be calculated from the 
molecular weights of (2-2, C-3, and C-4 that C-4 should 
represent 9.2% of the total amount of undenatured HMW if 
all molecules are cleaved between C-3 and C-4. A further 
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FIGURE 5: Agarose (Bio-Gel A-5m) molecular sieve elution patterns 
of the 2.0 M NaCI4.5 M HOAc precipitate either with or without 
denaturation. (A) The sample was dissolved in elution buffer (1 M 
CaCI,. pH 7.5) and denatured ( 5 5  'C. 20 min) prior to being applied 
to the wlumn. Note the presence in addition to HMW and LMW 
of a small peptide labeled C-4. (B) The sample was dissolved in elution 
buffer but not denatured prior to application to the column. Note 
that C-4 was no longer present in the eluate. The bar indicates the 
fractions of HMW which were pooled, desalted. and lyophilized. (C) 
HMW which eluted from the agarose column in native form (panel 
B) but which was now denatured prior to being applied to the column. 
Note that  C-4 now eluted from the column. 

prediction from the model concerns the behavior of HMW 
after denaturation and subsequent renaturation. If HMW is 
denatured, the peptide C-4 will be lost. However, if the 
molecule is subsequently placed in acid conditions (0.1 M 
HOAc), the disulfide bridges present in the long arm will 
promote renaturation, but the renaturation should only proceed 
for the length of the long arm. The renatured molecules of 
HMW observed by rotary shadowing should therefore be 
approximately 96 nm in length and should lack the kink and 
the short arm. 

Figure 5 (panel A) shows a typical separation by molecular 
sieve chromatography of the 2.0 M NaCI-0.5 M acetic acid 
precipitate after denaturation as described previously (Reese 
& Mayne, 1981). Characteristically. HMW separates into 
two peaks. followed by the elution of LMW and subsequently 
by a small peptide of apparent molecular weight 14000 which 
is labeled C-4. Experiments were next performed in which 
the sample was dissolved in elution buffer ( I  M CaCI,, pH 
7.5) but not denatured prior to being passed over the molecular 
sieve column. Panel B shows that HMW now eluted as a 
rather broad peak followed by LMW and that C-4 was no 
longer present in the eluate. HMW. which had apparently 
eluted in native form, was desalted, lyophilized, and passed 
again over the molecular sieve column, but now after dena- 
turation (panel C). The peptide C-4 was now observed to elute 
from the column at the expected location. The absorbance 
values for HMW and C-4 were measured from panel C. and 
it was calculated that C-4 represented 8.9% of the total amount 
of undenatured HMW. This is very close to our predicted 
value of 9.2%. if all of the molecules of HMW are cleaved 
between C-4 and C-3. Additional experiments were also 
performed in which molecules of HMW, which had apparently 
eluted from agarose gel filtration in native form (Figure 5.  
panel B), were examined by rotary shadowing. Both the long 
and the short arms were observed (R. Mayne. H. Wiedemann, 
and C. A. Reese. unpublished results). 

Figure 6 shows an electron micrograph prepared after rotary 
shadowing of HMW which was initially isolated by molecular 
sieve chromatography after denaturation (Figure 5, panel C) 
and then allowed to renature in 0.1 M acetic acid. The short 
arm of HMW can no longer be observed. However, in many 

FIGURE 6: Electron micrograph after rotary shadowing of HMW 
isolated after denaturation and molecular sieve Chromatography 
(Figure 5,  panel C) but allowed to renature in 0.1 M acetic acid at 
room temperature. Note that the short arm of HMW can no longer 
be observed but that in many of the molecules there is a short hook 
at one end where the short arm is presumably located. 

of the molecules, at one end a short 'hook" was present which 
presumably represents the end of the molecule at which the 
short arm is located. Measurement of the average length of 
molecules including the hook gave a value of 98 nm (standard 
deviation *8 nm: molecules measured = 67). which is very 
clme to our previously determined length of 96 nm for the long 
arm of HMW. It thus appears that HMW will renature in 
dilute acetic acid, but with the loss of C-4 during denaturation, 
the short arm can no longer renature and is not observed after 
rotary shadowing. 

The amino acid analysis of C-4 shows a very high content 
of proline and hydroxyproline (Table I), and this may explain 
why C-4 remains in a native conformation with the rest of 
HMW during agarose gel filtration provided the sample is not 
denatured prior to chromatography. It is known that proline 
and more especially hydroxyproline serve to increase the 
stability of the triple-helical conformation of collagen (Berg 
& Prockop, 1973; Bornstein & Traub, 1979). 

Discussion 
The model which we have presented for the structure of 

HMW appears to fit all of the biochemical and morphological 
observations which have so far been made. However, there 
are several features of the model which will require further 
investigation. It seems likely that the cleavage between C-3 
and C-4 occurs during pepsin digestion. although we cannot 
exclude the possibility that some cleavage at this site may also 
have occurred during tissue processing of precursor forms of 
this collagen. Our calculations and experiments would suggest 
that all, or almost all, of the molecules of HMW are cleaved 
between C-4 and C-3 and that further cleavage of the other 
two chains cannot m u r  regardless of the pepsin concentration 
or length of exposure to pepsin at 4 "C. Apparently. only one 
of the chains of HMW contains a protease-sensitive site, which 
may be located in a short non-triplehelical region of one chain, 
as has recently been described for type IV collagen (Schuppan 
et al., 1980). We therefore suggest that molecules of HMW 
probably contain a t  least two different chains which are in a 
2 1  proportion. However, we cannot at present eliminate the 
possibility that there are three different chains and that C-2 
is therefore heterogeneous. 

Recently, two groups have reported the isolation from 
mammalian cartilages of a collagenous molecule similar in 
solubility properties and amino acid composition to HMW 
(Shimokomaki et al.. 1980 Ayad et al.. 1981). However, the 
mammalian molecule appears to be smaller, with a reported 
molecular weight of only I 1  0000, and gives rise to chains of 
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molecular weight 33 000 after reduction. We suggest from 
our model that this discrepancy in results between chicken and 
mammalian species arises because in mammals, during pepsin 
digestion, cleavage occurs at all three chains of HMW at the 
location of the kink, resulting in the isolation of only the long 
arm of HMW. 
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Zinc-Sulfur Bonds of Aspartate Transcarbamylase Studied by X-ray 
Absorption Spectroscopyt 

J. C. Phillips,*,* J. Bordas, A. M. Foote,s M. H. J. Koch, and M. F. Moody 

ABSTRACT: X-ray absorption spectra have been recorded for 
aspartate transcarbamylase [unligated and ligated with the 
transition-state analogue N-(phosphonoacety1)- aspartate] 
and for the model compound zinc dimethyldithiocarbamate. 
The spectra confirm that, in the enzyme, the zinc atom is 

A s p a r t a t e  transcarbamylase (ATCase) from Escherichia 
coli [EC 2.1.3.2; reviewed by Jacobson & Stark (1973)] is a 
widely studied allosteric enzyme composed of six catalytic 
polypeptide chains (33 000 daltons each) and six regulatory 
chains (1 7 000 daltons each). The catalytic chains form two 
polar trimers which have only a restricted contact with each 
other (Monaco et al., 1978; Monaco, 1978). Instead, the 
principal connections between the trimers occur via the reg- 
ulatory dimers, so the catalytic trimers and regulatory dimers 
are released when the regulatory-catalytic bonding domains 
are disrupted by treatment with mercurials (Gerhart & 
Schachman, 1965, 1968). This reaction breaks, in each reg- 
ulatory chain, the bonds between a zinc atom and four cys- 
teinyl sulfur atoms-bonds which maintain the structure of 
the region that binds to a catalytic trimer. Through their 
central position at this site, the zinc atoms must lie on or near 
the path of information transmission used when activation at 
a catalytic site on one trimer stimulates activation on the other 

'From EMBL c/o DESY, 2000 Hamburg 52, West Germany (J.C.P., 
J.B., and M.H.J.K.), and the European Molecular Biology Laboratory, 
6900 Heidelberg, West Germany (A.M.F. and M.F.M.). Received April 
I ,  1981. 

*Present address: Chemistry Department, Brookhaven National 
Laboratory, Upton, Long Island, NY 11973. 

#Present address: EMBL, c/o CENG, LMA, 85X, 38041 Grenoble, 
France. 

ligated to four sulfur atoms, with a mean distance of 2.34 f 
0.03 A. A spread in bond lengths of 0.1 f 0.03 A is possible, 
due to thermal and/or static disorder. No significant dif- 
ference was found between the spectra of the ligated and 
unligated enzymes. 

trimer (Gibbons et al., 1976; Yang & Schachman, 1980). 
Substitution of the zinc by other metals has produced 

changes in the optical spectrum over certain regions [250-280 
nm in the circular dichroism after substitution by cadmium 
(Griffin et al., 1973); around 360 and 440 nm in the visible 
absorption spectrum after substitution by nickel (Johnson & 
Schachman, 1980)l. By use of the modified spectral region 
as a probe specific for the metal site, changes were found after 
activation of ATCase by carbamyl phosphate and aspartate 
(Griffin et al., 1973) or by PALA (Johnson & Schachman, 
1980). 

No crystal structure is yet available for the ligated form of 
ATCase, so there is no information from this source about any 
related structural changes, which in any case might easily be 
too small to be observed by this technique. However, infor- 
mation about metal-ligand distances in noncrystalline samples 
of enzymes can be obtained from extended X-ray absorption 
fine structure (EXAFS) measurements, permitting the de- 
tection of changes not only in the coordination number but 
also in bond lengths to below 0.1 A (Shulman et al., 1978a; 
Stern, 1978; Cramer & Hodgson, 1979; Doniach et al., 1980). 
Moreover, this technique can be applied without needing to 

' Abbreviations: ATCase, aspartate transcarbamylase; EXAFS, ex- 
tended X-ray absorption fine structure; PALA, N-(phosphonacety1)-L- 
aspartate. 
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