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L-Rhamnulose 1 -Phosphate Aldolase from Escherichia coli. 
Crystallization and Properties* 

Teh-Hsing Chiut and David Sidney Feingoldt 

mer: L-Rhamnulose 1-phosphate aldolase has 
been purified and crystallized from L-rhamnose-induced 
cultures of Escherichia coli as well as from a strain of 
the organism constitutive for L-rhamnose utilization. 
The enzyme is homogeneous by acrylamide gel disc 
electrophoresis, by electrophoresis on cellulose acetate, 
and by immunoelectrophoresis and immunodiffusion in 
agar gel. It is also homogeneous by sedimentation 
velocity and density gradient centrifugation. Molecular 
weight determined by density gradient centrifugation 
and by Sephadex gel thin-layer chromatography is in 

I n Escherichia coli L-rhamnose is utilized v ia  the 
pathway 

L-rhamnose d L-rhamnulose + 
isomerase kinase 

aldolase 
L-rhamnulose-1-P L-lactaldehyde + 

dihydroxyacetone phosphate 

The last enzyme in the sequence, L-rhamnulose 1- 
phosphate L-lactaldehyde lyase (L-rhamnulose-1 -P aldo- 
lase), has been purified partially by Sawada and Takagi 
(1964) from extracts of L-rhamnose-grown E. coli and 
by Domagk and Heinrich (1965) from suitably induced 
cells of Lactobacillus plantarum. These studies were done 
with impure enzymes of relatively low specific activity, 
which were not investigated extensively. In this paper 
are described the purification and crystallization of L- 
rhamnulose-1-P aldolase from a strain of E. coli as well 
as studies of its catalytic properties and specificity. 

Experimental Procedure 

Materials. L-Rhamnulose-1-P was prepared as pre- 
viously described (Chiu et al., 1966). The procedures 
used for conversion of ketose 1-phosphates to mixtures of 
the corresponding epimeric poly01 phosphates by reduc- 
tion with NaBHl and for isolation and analysis of the 
products were those of Ginsburg and Mehler (1966). L- 
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the order of 1.3-1.4 x 106 daltons. Na+, Cs+, “ I + ,  

Rb+, or K+ is required for activity; K. for KCI is 6 

The enzyme has a sharp pH optimum of 7.5. K, is 
0.3 m~ for L-rhamnulose 1-phosphate, 6.0 mM for L- 
lactaldehyde, and 3.0 m~ for dihydroxyacetone phos- 
phate. for the reaction L-rhamnulose 1 -phosphate 

L-lactaldehyde + dihydroxyacetone phosphate is 
8.3 X M. The enzyme is specific for ketose l-phos- 
phates which have the configuration D at C-3 and L at 
C-4 in the Fischer projection formula. 

m. 

Fuculose-1-P and L-lactaldehyde were gifts from Dr. E. 
C. Heath, Johns Hopkins University. D-Glyceraldehyde- 
3-P was a gift from Dr. C. E. Ballou, University of 
California, Berkeley. Dr. H. Lardy; University of 
Wisconsin, generously provided L-sorbose-1-P, L- 
sorbosed-P, and L-sorbose-l,6-Pz. 6-Deoxy-~-sorbose-l- 
P was synthesired from dihydroxyacetone phosphate 
and L-lactaldehyde by the action of hexose diphosphate 
aldolase; the product was isolated and purified as de- 
scribed previously for L-rhamnulose-l -P (Chiu and 
Feingold, 1964). D-Lactaldehyde was prepared from L- 
threonine by degradation with ninhydrin (Huff and 
Rudney, 1959). All other compounds and enzymes 
either were commercial products or were described pre- 
viously (Chiu and Feingold, 1964). 

Electrophoresis and Chromatography. Electrophoresis 
of protein was done in 7% polyacrylamide gels, pH 8.9, 
at 5 mA/tube (Davis, 1964), or on Sepraphore I11 cel- 
lulose polyacetate strips (Gelman Instruments Co., Ann 
Arbor, Mich.). Thin-layer gel filtration of proteins was 
carried out on Sephadex G-200 superfine beads by the 
method of Johansson and Rymo (1962, 1964). 

Paper electrophoresis with 0.1 M ammonium acetate 
(PH 5.8) (Feingold et al., 1958) was performed on 
either Whatman No. ; or 3MM filter paper in the GME 
Model D electrophorator. Paper Chromatography was 
done on Whatman No. 1 paper, using ascending or 
descending techniques as appropriate. Chromatography 
on a 0.25-mm thin layer of cellulose on glass plates 
also was used (Schweiger, 1962). 

The following solvent systems were used for paper 
chromatography: (1) butanone-acetic acid-HzO (75 :25 : 
10, v/v), (2) 1-propanol-”,OH (28-30%)-Hz0 (60: 
30:10, v/v), (3) 1-butanol-acetic acid-H20 (52:13:35, 
v/v), (4) 80% aqueous phenol, ( 5 )  toluene-ethanol-HZO 
(270:30:l,v/v), (6) l-butanokthanol-H20 (10:1:2, v/v), 
(7) 1-butanol-pyridine-HzO (3:1:1, v/v), (8) water-sa- 
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turated 1-butanol, (9)methanol-NH40H (28-30mHR 
(6:1:3, v/v), and (10) ethyl acetateacetic acid-HR 

Spray reagents used to detect compounds on paper 
electrophoretograms and chromatograms have been 
described previously (Chiu and Feingold, 1964). 

Analytical Methods. Ketohexose and 6-deoxyketohex- 
ose were estimated by the method of Dische and Devi 
(1960), ketopentose by the method of Meijbaum (1939), 
and ketotetrose by the method of Dische and Dische 
(1958). L-Rhamnulose-1-P was determined as pre- 
viously described (Chiu and Feingold, 1964). 

The method of Barker and Summerson (1941) was 
used for determination of lactaldehyde (Ghalambour 
and Heath, 1%2). The Rudolph Model 80 spectropolar- 
imeter was used for determination of optical rotations. 
Protein was determined by the method of Waddel 
(1956) with crystalline serum albumin as standard. 
All other analytical techniques used have been described 
previously (Chiu and Feingold, 1964). 

as hexose diphosphate aldolase) activity was measured 
by determining the rate of dihydroxyacetone phosphate 
formation from L-rhamnulose-I-P. Dihydroxyacetone 
phosphate was determined with glycerol phosphate de- 
hydrogenase (EC 1.1.1.8) ih the presence of NADH2. 
Reaction mixtures at 37" contained (micromoles): 
KCI,' 50; NADH2, 0.2: L-rhamnulose-I-P, 2.0; Tris- 
HCl buffer (pH 7.9, 45; and glycerol phosphate de- 
hydrogenase, 50 pg; in a total volume of l ml. Enzyme 
(10 pl )  was added to start the reaction, and the decrease 
in absorbance was followed at 340 mp in cells with a 1- 
cm light path in the Gilford Model 2000 spectrophotom- 
eter equipped with a constant-temperature cell cham- 
ber. In order to conserve substrate, sometimes the reac- 
tion was carried out in a final volume of 0.4 ml, with 
correspondingly less reagents. A unit of enzyme activ- 
ity is defined as the amount of enzyme required to re- 
lease 1 pmole of dihydroxyacetone phosphate/min at 
37". 

Ultracentrifugal Studies. Sucrose density gradient ul- 
tracentrifugation was carried out according to the 
method of Martin and Ames (1961). Sedimentation 
velocity centrifugation was performed in the Beckman 
Model E ultracentrifuge. 

Antiserum Preparation. Antisera to enzymes of the 
L-rhamnose pathway in the strain of E. coli used in this 
work were prepared with the panially purified enzyme 
((NH+)&O~-I) as antigen. The protein solution was 
diluted with an equal volume of Freund's adjuvant, and 
1 ml of tile mixture, containing 20 mg of protein, was 
injected into the rear footpad of a 2-2.5-kg female 
rabbit in ?he first, third. fourth, sixth, and seventh weeks 
of the immunization period. After 9 weeks the rabbit 
was exsanguinated by cardiac puncture and the serum 
was separated from the clotted whole blood by centri- 
fugation. A control serum was obtained from blood 
drawn prior to immunization. 

(3:1:3, v/v). 

E n z y ~ ~  A S S U ~ S .  L-Rhamnul-1-P aldolase (as well 

1 KCI must be present in assay reaction mixtures since the 
aldolase requires certain monovalent cations for activity. Thig 
point is trsated in detail under Results. 

Immunochemical Methodr. Immunodiffusion in 
Bactoagar plates was performed as described by Ouch- 
terlony (1958); immunoelectrophoresis was carried out 
in Bactoagar at pH 8.2 on standard microscope slides 
at 250 V for 40 min, essentially as described by Scheideg- 
ger (1955). 

Results 

Growth of Cells. E. coli K40 (strain derived from K I ~ )  
was grown in the medium previously described (Chiu 
and Feingold, :1964) in a New Brunswick 50-1. Model 
F-50 Fennacell fermenter. Medium (40 1.) was inocu- 
lated with 4 1. of a culture in late-log phase (Chiu and 
Feingold, 1964) (absorbance 0.4 at 420 w). Growth 
was at 37" with 1.5-ft*/min aeration and m r p m  agita- 
tion. When the culture reached an absorbance of 0.65 
at 420 (usually after 12-16 hr), it was cooled quickly 
to 5-10' and the cells were harvested in a DeLaval Gyro 
(DeLavaI Separator CQ., Poughkeepsie, N. Y.). They 
then were suspended in 1 1. of cold 0.15 M NaCl and 
packed by centrifugation at 4" for 20 min at 10,OOOg. 
Approximately 100 g of packed cells was obtained. 

Preparation qf Cell-Free Extracts. Packed cells were 
suspended in three times their weight of cold 0.02 M 

sodium and potassium phosphate buffer (pH 7.0) (buf- 
fer I) and 80 ml of the suspension was disrupted in an 
ice-cooled 150-ml Rosett cell (Rosett, 1%5) with the 
Branson Sonifier Model S-110 (Branson Instrument 
Inc., Stamford, Cconn.) at a 10-A output for 6 min. The 
broken cell suspension was centrifuged at 4 "  at 20,OOOg 
for 20 min and the pellet was discarded. 

Purification of L-Rhamnulose-I-P Aldolase. To 400 ml 
of the supernatant fluid from the previous step (24 mg of 
protein/ml), 40 1711 of 0.5 M MnC12 was added with stir- 
ring and the mixture was left in an ice bath overnight. 
(This and all subsequent operations were performed at 
0-4' unless stated otherwise.) The precipitated nucleo- 
protein was removed by centrifugation at 30,OOOg for 
10 min and the supernatant fluid was retained. NADH:! 
oxidase, present in the crude extract, was eliminated al- 
most completely in this step. Mercaptoethanol was not 
added prior to this time because of its protective action 
on NADH,. oxidase. 

(NHa)bS04 FI-acrianation I. Mercaptoeth.snol was 
added to the supernatant fluid to a final concentration 
of 0.05 M, yieiding 405 ml of solution. Solid (. NHc)&04 
(94 g) then was aldded, and the resulting precipitate was 
spun down and discarded. To the supernatant fluid was 
added 24 g of (NH4)sO4. the precipitate was collecied 
by centrifugatiorx and dissolved in 130 rnl of buffer I, 
0.05 M in mercaptoethanol. During the fractionation 
the pH was kept at 7.0 by addition of 3 M ",OH as 
necessary. 

.4cetone Fractionation. To one volume of enqme 
solution nine-tenths volume of cold acetone (-20") 
was added dropwise with stirring. The suspension was 
centrifuged immediately at 30,OOOg at -6" for 10 rnin 
and the precipitate was discarded. An additional six- 
tenths volume of cold acetone was added to the super- 
natant fluid and the suspension was centrifuged as 
above. The supernatant h i d  was dscarded and the 99 
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precipitate was disrolvEd in 5 ml of bdFer I, 0.01 M in 
mscaptathanol; anyinsdubkpmipitalewasnmoml 
by omhifugatioo. In order to eliminate residual acetooc 
the cnzyme solution was loaded immediaiely onto a 
scphaaex 0-100 column (3.0 X 85 an). The colunm, 
equilibrated with 0.005 M phosphate Mer(pH 7.0). 0.01 
M in mrcaptoetbanol (buffer n), was eluted with the 
sam buffer. Fracticmsof 2 mlwerecolleeted;aclive h'ac- 
tions ( W 5  ml) were pooled. 

DEAE-Seplmdcx A-50 Fmfionruiar. The pookd ae 
tive fractions were fractionated furths on a DEAE- 

Mna. 0.26 1 100 
(NHssO4-I 1.1 4 . 2  82 
Acetooc 2.6 10.0 66 
Se&adcx G-100 3.7 14.2 65 

w w c n  16.9 65.0 38 
17.2 66.0 33 
17.2 66.0 32 

DEAEscpbador 5 .4  m.8 62 

Fim ay&bnkm 
scmndaydhatm 

. .  
. .  

- U N t s p s m i U i & m m o f p a i 3 l o .  100 

sephaaa A40 column (2.5 X 30 an) cquilibrs(ed with 

tion was placed on the mlumn, which tbm was washed 
with75mlofthe~ambuffa.Thecolumnwaseluted 

buffer n, 0.01 M h m d b I O l .  The mZym SOlU- 

with an in& sradient of N a a  obtained with 80 
Of n, 0.01 M in ~ I O d M I I O ~ ,  in t h e m  

chambcr and 200 ml of the sam buffer, 0.5 M m NaCl 
and 0.01 M m mercaptoethanol, m the m o k ;  2-ml 
hctionswae mllected. Theemymc emaged aftaap 
proximately 120 ml had bgo eluted fmm the column. 
Active Iractioas were pooled, yielding 88 ml of solution. 

(NH.)SO, Fradwmtwn II. The protein m the active 
fraaonS was precipitated by addi~on of 326 8 of solid 
(NHssO. to 6OZ saturation. The pH was kepi at 7.0 
as mentioned previously. The precipitate was ahacied 
m ordm with 1.0 ml each of 35, 30, and 28Z satllrated 
(NH,)so, in b a a  1. Theatractswem discarded and 
the Rmainine prsipitate was dsPolml io 2 ml of bvffer 
I, 0.05 M in mercaptoethanol; insoluble material was 
eliminated by centrifugatioa 

At this point the protein moantratkm in the sdutia~ 
was approximately 8 ms/mL Solid (",)EO, was added 
slowly to the solution until it was faintly cloudy; usuaUy 
this required 028 g. This cloudy wpmsicm ikn was 
placed in a bath at 25' whereupon rapid CrYJtalliraton 
OCFumd. Afta 10 min an additional 0.3 8 of (NHdSQ~ 
was added over a paid of 5 min. The suspension was 
mOkd in a0 kC bath fOr 5 Ink; the UySIdS were 
rrmovcdbyomtrifugationhthemldTheaystakuere 
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FIGURE 2: Sephadm G-200 & C h r o m ~ p h y  Of brhamnn- 
1-1-P aldola~e. Apm~imateIy 1 0 ~  Of each ofthe 
listed in the figure was chrametogtaphed on a 0.2+mm lam 
of Sephadex G-200 in 0.05 M sodium and potassim phos- 
phate (pH 7.0). Staining was with Amido Black. The follow- 
ing were used as standards: hemoglobin, mol wt 64,000 (Bm- 
hamou and Weill, 1957); glycexolphosphate dehydrogeaa~ 
from rabbit muscle (EC 1.1.1.8), mol wt, 78,000 (van Eys et 
al., 1959); fructose diphosphate aldolase from rabbit muscle 
(EC 4.1.213), mol wt 147,000 (Taylor and Lowry, 1956); and 
beef live€ catalase (Ec 1.11.1.6), mol wt 244,Ooo (samejima 
et uf., 1%2). Migration distance is plotted against the log. 
en'thm of the molecular weight of each of the reference sub- 
Stances. 

redissolved in 2 ml of buffer I, 0.05 M in mercaptoethanol, 
and recrystalked as before. The crystals were dissolved 
in 2 ml of buffer I, 0.01 M in mercaptaethanol, and the 
solution was stored at 0". The enzyme crystallizes in 
slender needles, 15-20 p long (Figure 1). The purifica- 
tion is summanzed ' in Table I. 

The identical procedure was used to prepare crystal- 
line enzyme from a strain of E. coli (P72 Met+Rha701) 
constitutive for L-rhamnose utilization, obtained from 
Dr. J. Power, University of California, Santa Barbara. 
The organism was grown as described, with 0.5 x glyc- 
erol in place of  r rhamnose. The pure crystalhe en- 
zyme so obtained had the same specif~c activity and irn- 
munochemical behavior as that from the inducible strain. 

Properties of L-Rhmnnulose-I-P Aldolare. ENZYMIC 
m. The crystalline enzyme had a specific activiiy 
of 17.2 at 37". It yielded one spot in Sephadex G-200 
thin-layer gel filtration; molecular weight calculated 
from its chromatographic mobility by the method of 
Andrews (1964) was 135,000 (Figure 2). Centrifugation 
in a sucrose gradient gave a siagle symmetrical peak with 
correspondence between protein and activity (Figure 
3). The density gradient centrifugation data yielded a 
molecular weight of 130,oo(t14O,OOO. Sedimentation 
velocity experiments in the SpiOco Model E ultmcen- 
trifus yielded a single sediment@ component. Further 
sedimentation behavior will be described in a subsequent 

80 
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20 
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FIGURE 3: Suaose clmsity gradkt centrifugation of~-rham 
nulose-1-P aldolase ~Rhamnubsel-P &blase (0.1 ml of a 
solutioncontainiag25-w)~of~)wasleyeredonto 4.5 
ml of a 540% suc10& gradkt. Catrifugation was per- 
formed with a SW-39 rotor in the Spinco Model Uprepa?- 
tive ultraczmtduge at 38,000 rpm far 16 hr at 4'. Egg-whte 
lysozyme (EC 3.2.1.19, mol wt 14,400 (Kaminsloi 1955); 
aystallineyeastalcabol dehydwpase(EC l.l.l.l), mol wt 
151,000 (Kagi and V d k ,  1961); and crystalliw beef liver 
catalase (EC 1.11.1.a mol wt 244,000 (Samejima et uf., 
1962). were used as reffaralce standards. After centrifugation, 
the tubes were eluted in the Isa, Model D deosity gradient 
fractionator (bstmmnt Specialties Co., Iac., Lincoln, Neb.); 
ultravioletabsorptiondthehctionswasrecordedeitherat 
254 mp with the ISCO Model UA Tecocding ultraviolet BD 
alm or at 215 nyr with the Gillord Model #K)oautomatiC 
recording spectrophoton&cx equipped with Model 209 flow 
cells. Approximately 18 0.25ml fractions were collected per 
tube. The dishiiution ofthe refereece enyme in the frao 
tiom was established as described by Martin and Ames (1961) 
and of L-rhamndosel-P aldolase by activity determination 
Using the assay method described in this paper. Absorption 
at 315 mp, solid curve; activity (absorbance change at 340 
nyr/min in the standard assay), blocks. The scale is arbitrary. 

paper. One band was obtained upon polyacrylamide 
gel electrophoresis at pH 8.9 (Figure 4), as well as upon 
cellulose polyacetate electrophoresis over the pH range 
4.5-8.3.ne apparent isoelectric point, determined from 
the relative mobilities at Werent pH values, is 5.05 (Fig- 
ure 5). Only one band of emyme-mtibody precipitate 
was detectable by the Ouchterlony (1958) doubkdiEu- 
sion technique and by immunoelectrophoresis (Figme 
6). On the basis of these dteria the enzyme is homo- 
geneous. The turnover number calculated for a molec- 
ular weight of 135,000 is 2300 moles of L-rhamnulose- 
1-P split per min per mole of enzyme. 

Pure enzyme gave a typical protein absorption spectrum 
with a single peak at 2sO mp. A solution containing 1 
mg of enzymeid (calculated from amino acid analysis) 
in b d e r  I gave an absorbance of 1.73 at this wavelength. 

The composition of L-rhamnulose-1-P aldolase as 
determined on a Beckman amino acid analyzer is given 
in Table II. 
STAB=. Solutions of the crystalline enzyme con- 

taining from 02 to 1.Oxprotein in buffer I, 0.01 M in 

-ON SPE(;TRuM AND AMINO ACID ANALYSIS. 
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mc+captocthanol, raaiacd full activity for at least 3 
months whm storrd at 0-4'. 

Onrsnru pH. The optimum is 7.5, with activity de- 
clining ratha steeply on both sida ( F i i  7). 

Iwmrprc*.noN W WCIION PaoWcR. DibYdIOXY- 
acetone phosphate was rhamctamd ' by its resctivity 
with glycerol phosphate dehydmgmase in the p- 
of NADH, and by its paper ela3rophaeIic mobility. 
Only one ekctrophorctically mob* compound was ~b 

pper ckctropborcsis at pH 5.8 this compound had the 
m o b i  and spray reactions with &NOI and molybdic 
acid of authentic dibydroxyaatom phosphate. ~ L a c t -  
aldehyde wm c- . by (1) its pmitivc color ~b 

action in tbe Barlra and Sunrmasoo (1941) test, (2) r e  
duction of Fehling's solution in the cold (Pra&xs and 
Jacobsoo. 1918). (3) psper chromatography in solvcnts 
2,9, and 10, (4) immobility upon papa electropbomis, 
and ( 5 )  bis-2.4-dinimphmylhydravm formation. 'Ihc 
2.4dinitropbenylhydmuone daivative was p r e p a d  as 
follows.~reaction mix t~comis t edof ( i i  miuimole5): 
L-rhamnulose-1-P, 02; hydradne sullate (to trap ~-laa- 
aldchyde p rodud) ,  1.0; .glycylglyEim buffu @H 7.9, 
1.5; KCI, 2; and ~-rhamnulose-l-P aldolase, 2 m& in a 
total volume of 40 ml. After incubation for 1 hr at 37" 
10.5 ml of 50% trichloroacetic acid was added and the 
precipitated protein was moved by centrifugalion. 
lheo 5Oml of 2 N H C ~  conk3ning 200 mg of 2.4dinitro- 
phmylhydrazioe was added to the supernatant fluid. 

lcssd from L-rbanmul-1-P by tbe aldolase. upon 

102 

The solution was k q t  at  om ~lpraturr fa 5 hr, 
heated on a steam bath fa 30 min, and stored in the 
rrfrisaator ovmi&t. The precipitate wii& formcd 
waa warbed with ethyl.cctate and di%solved in 20 ml of 
pyridim.andinsolublemataialslasranlvcd byemtrifu- 
gation. The solution was mnrmtrated to about 2 ml by 
evaporation unda vacuum and kept at 4" for 4 hr. The 
red crystsls wiich formcd were isolated by centrifuga- 
tion, rsryJtallurd ' twice from pyridine, and dried unda 
vacuum. A dcsmqmitkm point of 29&301" UMW 

(whicb comsponds to that reported by Neubag and 
Kobcl(1928)) was obsaved, with no mCrlhg point de- 
p d o  upon addition of the authentic diuitrophyl- 
hydmuone. Sine  this derivative WBS optically inactive. 
it was not possibk to dctaminc the confieuration at this 
point. 

sr0l-r. The Raction mixtun (in micromok) 
eoosistcd ol: L-rbanmulosose-1-P. 0.4; NADH,, 0.5; KCI, 
25; glycylglycinc buffer @H 7.5). 200; gly~erol-P MY- 
drosmase, 0.5 mg; and 4 of brhenmul-1-P aldo- 
lase. After 30 min at 25". the reaction was stopped by 
beating at 1OO0 fa I min; analysis showed that the 
following quantitis (micromoks) of products WJT pres- 
ent: d i h y d m ~ a a t o n c  phosphate. 8.060; L-lactic dde- 
by&. 0.070; ~-rhanmulase-l-P. 0.30. Thus 1 mole each 
of dihydroxyacetone phosphate and blactic aldehyde 

i b v m s ~ ~ m  ANO EQU~DRRRI. Many aldolase re- 
actions are known to bc reversibk. Tbe rewsibility of 
the reaction catalyzed by L-rhenmulose-1-P aldolase 
was shown as follows. ~-Lactaldehyde and dihydroxy- 
acctooe phosphate (2 pmoles of each) WJT incubated 
unda standard omditions for 1 hr with purikd L-rham- 
nul-1-P aldolase. A spot cormpondins io mobility 
to brhamoul-1-P was detcctcd upon duomatog- 

is formed pcrmole of L-rhamnul0S-l-P cleaved. 
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nome 6: 1mmunoclecVophomir of L-rhamnub-1-P aldolase. Top: uystalline enzyme. Bottom: MnCI. stcp. c o l t s  dol: 
antisswn. 

Hydrolysis T i m  (br) 
a, 40 70 100 

Mols/Molc Molupfole Mole/Mole MolujMok 
Amino Acid OfEnZymc O f E n Z y m  of Enzyme O f E N v m  

Lysine 42.6 48.4 51.9 53.3 
Histidine 31.7 33.1 35.4 34.5 34.9. 
NH '+ 41.2 53.3 90.7 %.O 28 .2  
Arginine 34.0 37.1 39.4 38.5 
Halfcystcinc 13.3 
Aspartic 128 133 123 127.3 
Threonine 94.8 97.2 88.2 86.5 99.2- 
serine 61.8 57.8 50.8 48.5 64.5- 

Glycine 115 118 115.5 111.5 
Alanine 107.5 108 101 101.7 

Glutamic acid 128 134 129 126 
Proline 68.3 80.5 60.3 76 

Valine 19.3 88.2 88.8 89.3 
Methionine 28 28.1 29.4 32.4 
Isolcun'ne 54 60.8 63.6 62 
Leucine 117.5 123.5 126 126.3 
Tyrosine 18.4 19.8 22.2 23.3 
Phenylalanine 43.4 47.3 52.7 53.5 
Tryptophan 14, - Extrapolated to t i m  mo. * From spctroscopic mcasurunmt in 0.1 N NaOH. 

raphy of the reaction mixture in solvent2. Acid phos- 
phatase hydrolysis of the product yielded a single mm- 
pound with the mobility of authentic ~-rhamnulosc upon 
paper chromatomphy (solvents 1.3. and 8) which gave 
a positive reaction with silw nitrate (Pamidge. 1948). 
panisidine phosphate (Feingold CI d., 1958). and urea 
phosphate (Wix P I  d.. 1955) spray -nts. 

A quantitative study of the equilibrium, starting with 
either L-rhamnuloscl-P. or dihydroxyacetone phas- 
phate and L-lactaldehyde, was carried out at a substrate 
wnantration of 0.W M. As shown in F- 8 the re- 

action mixture contained approximately 75 Z L-rham- 
nulosc-1-P and 25Z dihydroxyacetone phosphate and 
lilactaldchyde after equilibrium was reached. The qu i .  
librium mnstant, K-;,, for the reaction 

L-rhamnulose-l-P DHAP + L-laeulldehyde 

is 8.3 X l e '  M. 
S m r e  SP~CIPICIIY. The substrate spc i6c i i  of 

L-rhamnulwpl-P aldolaw for c l a w  of different ke- 
tose phosphates was determined bysubstitutingtheuxn- 103 
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m a  7: The &ect of pH on eazyme activity. Assay condi- 
tions are as -bed in the text except that the buffer and 
pH were varied. Potassium phosphate b u l k  was used be 
tween pH 6.0 and 7.6 and Tris-HC1 above pH 7.5. 

pounds for ~-rhamndosel-P in the standard assay. Ta- 
ble III lists the relative activity of L-rhamnulose-l-P 
aldolase ((NH&SOrII M o n )  with a variety of sub- 
strates. These results indicate that L.-rhamnulose-l-P 
aldolase is highly specific for its substrate and also show 
that there is minimal contamination with fructose di- 
phosphate aldolase, which might be expected to be pres- 
ent in E. coli extracts. 

Investigation of the specificity of L-rhamnulose-1-P 

8 0  
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c 

e 
t 60 n 
3 
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40 
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E 
6l : 
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0 20 40 60 80 100 120 
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m m  8: Revmibility of L-rhamnulose 1-phosphate aldolase 
action. Reaction mixtures at 37" contained (micromoles) 
either L-rhamnulose-l-p, 3; or dihydroxyacetone phosphate, 
3, and L-ladaldehyde, 3; glycylglycine buffer (pH 7.3, 
135; and L-rhamnd-1-P aldolase, 20 fig; KCI, 150; in a 
total volume of 3.0 ml. At the timg indicated 0.25-ml samples 
were removed and inactivated for 1 min at 100"; denatured 
protein was removed by centrifugation. The ratio of dihydrox- 
yacetone phosphate to brhamnul-1-P in the supernatant 
fluid was determined (Chiu and Fe-ingold, 1964). (M and 
.-m) L-Rhamndose-1-P; (p-0 and M) dihydroxy- 

104 acetone phosphate.. 

0 , s  -- 
SubstrsQe tim Rd Act. 

fronr 
fronr 
cis 
cis 
hvar 
hvar 
tram 
tram 
tram 
tram 

100 
1.8 
1.7 
1.3 
0.8 
0.3 
0.0 
0.0 
0.0 
0.0 

aldolase for aldehydes in the direction of wndensation 
was carried out to determine the relative activity of the 
enzyme with various aldehydes (Table IV). It is evident 
that dihydroxyac&me phosphate is able to condense 
with Dg lyddehyde ,  glycolaldehyde, acetaldehyk 
formaldehyde, and ~kctaldehyde, in addition to L-M- 
aldehyde, in the presence of L-rhamnulose-1-P alde 
lase. In order to determine the configuration af the hy- 
droxyl groups at C-3 and C4, large-scale experbents 
were conducted to prepare ketose phosphate from di- 
hydroxyacetone phosphate and ~-lactaldehyde+ ~ g l y c -  
eraldehyde, and glycolaldehyde, respectively. Reac- 
tion mixtures consisted of (millimoles) dihydroxyace- 
tone phosphate, 0.2; aldehyde, 0.25; KCI, 3.0; glycyl- 
glycine buffer (pH 7.5),2.5; and enzyme, 2 mg; in a total 
volume of 60 ml. After 2 hr at 30°, the mixtum Were 
held at 100" for 5 min, and then concentrated to 5 ml 
by vacuum evaporation. The products were isolated by 
chromatography on Dowex 1-x8  formate columns and 
shown to be ketose 1-phosphates by periodate oxidation 
followed by isolation and characterization of phosphe 
glycolic acid as described previously (Chiu and Fein- 
gold, 1964). The compounds obtained fiom L-lactalde 
hyde and Dglyceraldehyde had the mobilities of au- 
thentic L-rhamnulose-1-P and L-sorbose-1-P, respec- 
tively, upon paper chromatography in solvent 2 and upon 
paper electrophoresis at pH 5.8. The ketose released from 
each of the ketose phosphates by acid phosphatase mi- 
grated as a single spot and had the chromatographic 
properties of L-rhamnulose, L-sorbose, and ~xylulose, 
respectively, in solvents 1,6, and 7. 

Phenylosazones prepared from each of the ketoses 
according to Vogel(l948) had the same crystalline shape 
and cellulose thin-layer chromatogpphic mobilities 
(solvent 5 )  as the authentic compounds; in addition, the 
melting points of the phenylosazones prepared from the 
ketoses isolated from reaction mixtures containing L- 
Iactaldehyde and glycolaldehyde were 182-184 and 161- 
163 O, respectively, in agreement with the literature value 
for the melting points of the phenylosazones of ~-rham- 
nose and Dxylose (vogel, 1948). 'Ihe optical rotations 
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TABLE N: Aldehyde Specificity of L-Rhamnulose-1-P A1dolase.a 
_____ 

Aldehyde Re1 Rat& Product Configuration 

L-Lactaldehyde 

DGl yceraldeh yde 

Glycolaldehyde 

Acetaldehyde 

Formaldehyde 

D-LactaIdeh yde 

L-Glyceraldeh yde 
~-Glyceraldehyde-3-P 
Propionaldehyde 

100 

50 

40 

15 

10 

10 

0 
0 
0 

t-Rhamnulose-1-P 

DSorbose-1-P 

t-Xylulose-1 -P 

~ ~~ 

0 The reaction mixture at 37" consisted of (micromoles): dihydroxyacetone phosphate, 2.0; aldehyde, 2.5 ; glycyl- 
glycine buffer (pH 7.0), 40; in a total volume of 1.0 ml. The reaction was started by addition of 2.5 fig of enzyme 
in 10 p1 of solution. At 0, I ,  3, 5 ,  10, and 20 min, 0.15-ml samples were removed and inactivated at 100" for 1 min. 
Residual dihydroxyacetone phosphate in the samples was determined with glycerol phosphate dehydrogenase and 
NADH2. Disappearance of dihydroxyacetone phosphate equalled 6deoxyketose appearance in mixtures containing 
L-lactaldehyde. Formation of ketose was qualitatively demonstrated by the appropriate color reactions for 6deoxy- 
ketohexose and ketohexose by the method of Dische and Devi (1960), ketopentose by the method of Meijbaum 
(1939), and ketotetrose by the method of Dische and Dische (1958). In addition, each of these reaction mixtures 
contained an organic phosphate with the expected paper chromatographic (solvent 2) and paper electrophoretic (pH 
5.8) behavior. Treatment of the reaction products with acid phosphatase released carbohydrates with the relative 
paper chromatographic (solvents 1, 6, and 7) mobilities expected for the free ketoses. b The reaction rate with L-lact- 
aldehyde. is taken as 100. c In assigning structures to these compounds it is assumed that the enzyme catalyzes for- 
mation of only the isomer with the configuration D at C-3 and L at C-4. 

of the ketoses (Table V), determined polarimetrically, 
are in reasonable agreement with the recorded values 
(Merck and Co., 1960; Chiang and Knight, 1961). These 
data establish the identity of the first three compounds 
in Table IV. The structures assigned to the ketose phos- 
phates formed from dihydroxyacetone phosphate and 
acetaldehyde, formaldehyde, and D-lactaldehyde, while 
not rigorously established, are consistent with the demon- 
strated specificity of the enzyme. 

EFFECT OF MONOVALENT CATIONS. In the absence of 
monovalent cations the specific activity of L-rhamnu- 
lose-I-P aldolase is in the order of 0.6. In Figure 9 it can 
be noted that NaC:, CsCi, "43, RbCl, and KCI, 
in order of increasing effectiveness, markedly en- 
hance enzyme activity. LiCl is an inhibitor strictly com- 
petitive with KCI; Ki = 8 m ~ .  K, for L-rhamnulose-1-P 
remains essentially unchanged at KCI concentrations of 

0.02,0.05, and 0.2 M, and K. for K+ does not vary at L- 
rhamnulose-1-P concentrations of 0.9, 1.8, and 3.5 mM. 

EFFECT OF W ~ T E  CONCENTRATION. The effects of 
L-lactaldehyde, dihydroxyacetone phosphate, and L- 
rhamnulose-1-P concentration on en- activity are 
shown in Figure 10; K, values determined by the method 
of Lineweaver and Burk (1934) are 6.0, 3.0, and 0.3 m, 
respectively. 

The latter value, which is significantly lower than was 
reported previously (Chiu and Feingold, 1965), was ob- 
tained with pure crystalline substrate (Chiu etaf., 1966); 
the L-rhamnulose-1-P previously used probably con- 
tained inhibitory impurities. K, values for Dsorbose- 
1-P and L-xylulose-1-P, determined in the same way, are 
1.8 and 0.2 m, respectively. 

INHIBmON RY SUBSITATE ANALOGS. Since L-rhamnu- 
lose-I-P bas a number of distinct structural features 105 
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hyde and two alternative aldehydes,  glyceraldehyde 
and glycolaldehyde, each of which reacts at approxi- 
mately one-half the rate of L-lactaldehyde. 

Chiu and Feingold (1%7b) have shown that the stere- 
ochemistry of tdtium labeling of dihydroxyacetone phos- 
phate by L-rhamnulose-1-P aldolase is the opposite of 
that observed with hexose disphosphate aldolase (Rose, 
1958). Since L-rhamnulose-1-P is the diastereoisomer 
of Dfructose-l,6-Pt at C-3 and (2-4, the enediols formed 
from dihydroxyacetone phosphate by the two enzymes 
must be stereoisomers of each other. It would be of in- 
terest to examine the stereospecificity of tritium label- 
ing of dihydroxyacetone phosphate by L-fuculose-1-P 
aldolase, which employs the same substrates as L-rham- 
nuclose-1-P aldolase but forms a product with the D con- 
figuration at C-3 as well as C-4 (Ghalambour and Heath, 
1%2). 
Rose (1 966), in an analysis based on the data of Ghal- 

ambour and Heath (1962) for cfuculose-1-P aldolase 
and on our preliminary results with L-rhamnulose-1-P 
aldolase (Chiu and Feingold, 1%5), has pointed out that 
the stereochemistry of the new bond is determined not 
only by which C-3 hydrogen of dihydroxyacetone phos- 
phate is activated but also by stereospecific attack on 
the aldehyde. He also pointed out that were the con- 
densation of L-lactaldehyde and dihydroxyacetone phos- 
phate nonspecific and determined only by t h e d y -  
namic considerations, one would expect to find both 
isomers among the products, since a comparison of the 

of formation of L-fuculose-1-P (Ghalambour and 
Heath, 1%2) and L-rhamnulose-1-P shows only a 5.5- 
fold difference in favor of the latter compound. The data 
presented in this paper fully substantiate these views. 

The results of inhibition studies of L-rhamnulose-1-P 
aldolase make it possible to delineate partially the sub 
strate binding sites on the enzyme. Neither L-rhamnu- 
lose nor Pi are inhibitors, showing that the structure 
-C(O)CHrOP present in L-rhamnulose-1-P plays a major 
role in binding of substrate to enzyme. The OH groups 
at C-3 and C-4 also must be involved in binding as shown 
by failure of compounds like L-fuculose-1-P and Dfruc- 
tose-1-P to inhibit. 

While the presence of the phosphate moiety at C-1 
and of the proper configuration at C-3 and C-4 are nec- 
essary for binding of (and inhibit@ by) polyol phos- 
phates, they are not sufficient. Of polyol phosphates 
tested, only the mixture of epimers resulting from the 
NaBH, reduction of L-rhamnulose-1-P was inhibitory. 
Since the inhibition is strictly competitive with substrate 
and Ki is comparable with K,, it can be concluded that 
the inhibitor binds to the active site of the aldolase with 
approximately the same affinity as substrate. That this 
binding requires the presence of the terminal methyl 
group is shown by failure of the reduction products of 
Dsorbose-1-P and L-xylulose-1-P to inhibit splitting of 
L-rhamnulose-1-P. The parent ketose phosphates them- 
selves, however, are good substrates for the aldolase, and 
therefore do bind, doubtless due to specificity for the 
structural features at carbons 1 to 4. Conversion of the 
carbonyl into a hydroxyl group probably weakens the 
binding to the extent that only a compound which con- 
tains an additional group remote from the phosphate 

~~ 

TABLE v: Optical Rotation of Ketoses Isolated from 
Reaction Mixtures. 

Ketose 

Authentic L-rhamnulose + 36 
From condensation of L-lactaldehyde +30 

and dihydroxyacetone phosphate 

Authentic L-sorbose - 42 
From condensation of Dglyceraldehyde +56 

Authentic mxylulose -34 
From condensation of glycolaldehyde $33 

and dihydroxyacetone phosphate 

and dihydroxyacetone phosphate 

which could be involved in binding, inhibition of cleav- 
age of L-rhamnulose-1-P by a number of substrate an- 
alogs was tested. The following were not inhibitory when 
incorporated into standard reaction mixtures at con- 
centrations of 1.5 m or greater: &fructose-1-P, mfruc- 
tose-6-P, D-frudose-l,dPt, L-fuculose-1-P, Dglucitol- 
dP,  a mixture of D-mannitol-l,6-Pt and ~-glucitol-1,6 
9, ~-glucose+P, a-Dglucopyranosyl-P, 8-glycerol 
phosphate, Dmannitol-6-P, D-mannose-6-P, L-rhamnose, 
Pi, L-rhamnulose, L-sorbose-6-P, and D-xylose-1-P. 

Inhibition by the product obtained by reduction of 
L-rhamnulose-1-P with NaBHd (a mixture of &deoxy- 
L-mannitol-1-P and ij-deoxy-L-glucitol-1-P) was strictly 
competitive with substrate and Ki = 0.1 m. However, 
splitting of L-rhamnulose-I-P was not inhibited appreci- 
ably by the reduction products of D-sorbose-1-P (5  m) 
or of L-xylulOsel-P(l m). 

Discussion 

Sawada and Takagi (1964) have reported that par- 
tially purified L-rhamnulose-1 -P aldolase yields L-rham- 
nulose-1-P and another unidentified ketose phosphate 
when incubated with L-lactaldehyde and dihydroxyace- 
tone phosphate. The evidence presented in this paper 
shows that L-rhamnulose-1-P is the only product of the 
reaction; possibly the compound found by Sawada and 
Tagaki (1964) was due to the presence of an epimerase 
in their enzyme preparation which converted the L-rham- 
nulose-1-P to L-fuculose-1-P. We have occasionally o b  
served such activity in partially purified enzyme prep- 
arations.' 

L-Rhamnulose-1-P aldolase displays a high degree of 
specificity for cleavage of ketose phosphates. Only those 
compounds which have the D configuration at C-3 and 
L at C-4 in the Fischer projection formula are split (Ta- 
ble ID), and only such isomers are formed from alde- 
hydes and dihydroxyacetone phosphate (Table IV), as 
shown by characterva * tion of the products of conden- 
sation of dihydroxyacetone phosphate with L-lactalde- 

106 * T. H. Chiu and D. S. Feiagold, unpublished experiments. 
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FIGURE 9: Effect of increasing monovalent cation concentra- 
tion on activity of L-rhamnulosel-P aldolase. The aldolase 
and the indicator enzyme were freed from monovalent ca- 
tions by dialysis overnight against 2 X 104 volumes of 0.05 M 
Tris-HC1 buffer (pH 7.2) with one change of buffer. Reaction 
mixtures at 37' contained (micromoles) NADH,, 0.05 (di- 
sodium salt); Tris-HC1 buffer (pH 7 4 ,  17.0; dicyclohexyl- 
ammonium salt of L-rhamnulose-1-P, 1.4; L-rhamnulose-1-P 
aldolase, 0.8 pg; and glycerol-P dehydrogenase, 25 pg; in a 
total volume of 0.4 ml. The reaction rate was noted over a 
period of 3 min, and then 5 pl of a solution containing 
the desired concentration of salt was added and the effect on 
reaction rate was noted. Salts used were NaCI, 0-0; CsCI, 
0-0 ; NHKI, A-A; RbCI, V-V; and KCI, 0-0. 

(such as the methyl group in reduced L-rhamnulose-1-P) 
which can bind strongly and specifically to the enzyme 
can act as an inhibitor. This binding is so specific that 
conversion of the methyl group of L-rhamnulose-1-P 
to the hydroxymethyl group as in D-sorbose-1-P inter- 
feres with binding at the methyl group site, causing a 
sevenfold increase in the K,, and making reduced D- 
sorbose-1-P noninhibitory. On the other hand, elimina- 
tion of the methyl group, as in L-xylulose-1-P, has little 
effect on K,. 

These observations lead to the conclusion that L-rham- 
nulose-1-P aldolase has sites which specifically bind com- 
pounds with the structure 

COP 

C = O  

HC-OH 

I 
I 
I 
I 

H U H  

at C-1 to (2-4, and that, in addition, there is a binding 
site on the enzyme which is specific for the methyl group 
of the L-rharnnulose-1-P. 

L-Rhamnulose-1 -P aldolase probably has an absolute 
requirement for one of the monovalent cations shown in 
Figure 9. In the absence of added Kf (the most effective 
activator) activity did not exceed 3.4x of the maximum 
attainable. This small residual activity probably was 
due to Na+ introduced as the disodium salt of NADHs 
used in the assay reaction mixture. The effectiveness of 
a monovalent cation as an activator does not seem to 

6 
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FIGURE 10: meet of L-rhamnulosel-P, dihydroxyacetone 
phosphate, and L-lactaldehyde concentrations on reaction 
velocity. L-Rhamnulose-1-P, 0-0; reaction velocity, VR. 
Reaction conditions were as described for the assay except 
that L-rhamnulose-1.P concentration was vaned as indi- 
cated. Decrease in absorbance at 340 mp was followed. 
Dihydroxyacetone phosphate: A-A, reaction velocity, VB 
Reaction mixtures contained (micromoles) : L-lactaldehyde, 
3.2; glycylglycine buffer (pH 7 4 ,  10; (NH&30,, 40; di- 
hydroxyacetone phosphate as indicated; and L-rhamnulose 
1-P aldolase, 8 pg; in a total volume of 0.5 ml. All reagents 
were adjusted to pH 7.5 before use. At appropriate time inter- 
vals samples were removed and their L-rhamnulosel-P 
content was determined (Chiu and Feingold, 1964). 
L-Lactaldehyde, V-V; reaction velocity, VL. Reaction mix- 
tures contained (pmoles): DHAP, 4.3; glycylglycine buffer 
(pH 7.9, 10; (NH4)&O4, 40; L-lactaldehyde as indicated; and 
L-rhamnulose-1-P aldolase, 8 pg; in a total volume of 0.5 
ml. All reagents were adjusted to pH 7.5 before use. At a p  
propriate time intervals samples were removed and their L- 
rhamnulose-1-Pcontent was determined (Chiu and Feingold, 
1964). 

be correlated in any obvious way with its affinity for the 
enzyme. K ,  values calculated from the data of Figure 
9 by the method of Lineweaver and Burk (1934) are (mil- 
limolar): NaCI, 3; CsCl, 16; NHCI, 2; RbCl, 9; and 
KCI, 6. Also Li+ binds to the same site as K+ with es- 
sentially the same affinity, yet it is an inhibitor rather 
than an activator. The obvious single characteristic 
which all the activating ions have in common is the size 
of their hydrated radii; the radii of the active ions are 
approximately similar and markedly different from that 
of Li+, which inhibits. Comparable observations of the 
effect of monovalent cations have been made by Kach- 
mar and Boyer (1952) with ATP-pyruvate phospho- 
transferase, by Vasquez (1964) in a study of binding of 
[ lCJchloramphenicol to ribosomes, and by Levine et af. 
(1966) in an investigation of the aminoacyl-transfer re- 
action in protein synthesis. 

Kachmar and Boyer (1952) in their study point out 
that if for each reactive site for substrate more than one 107 
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activator atom must be bound for full activation of en- 
zyme, velocity should be related to a higher power of 
activator concentration. Plots linear in respect to slope 
for each activator are obtained by plotting the data of 
Figure 9 as AIu DS. A ,  indicating that only 1 mole of ac- 
tivator/mole of L-rhamnulose-1-P need be bound to  com- 
pletely activate L-rhamnulose-l -P aldolase. It can rea- 
sonably be assumed that the activating ions (as well as 
Li+) combine with a specific site on the enzyme, thereby 
effecting a conformational change which markedly af- 
fects V but has little or no effect on substrate affinity. 
This aspect is at present under investigation. 

There are two distinct classes of aldolases known: 
class I aldolase, the prototype of which is fructose-Pt 
aldolase of mammalian muscle, and class I1 aldolase, 
the prototype of which is fructose-Pz aldolase from yeast. 
Class I aldolases are not activated by K+ and are unaf- 
fected by chelating agents, while class I1 enzymes are 
activated by K+ and other monovalent cations and are 
inactivated by chelating agents (Rutter, 1964). L-Rham- 
nulose-1-P aldolase is clearly a class I1 aldolase, since 
in addition to being activated by monovalent cations 
as described in this paper, it is completely inhibited by 
the zinc chelator, 1 ,IO-phenanthroline (Chiu etal. ,  1968). 
It is of interest that L-rharnnulose-1-P aldolase of Lucto- 
bacillus planfarum is activated by NH4+ but not by K+ 
@omagk and Heinrich, 1965), which represents a much 
higher specificity for monovalent cations than that of 
the E. coli enzyme. 
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