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SUMMARY 

A2/I957 influenza neuraminidase (mucopolysaccharide N-acetylneuraminyl- 
hydrolase, EC 3.2.1.18) was purified i5-fold from a recombinant virus, with about 
25~/o overall yield of enzymic activity. Neuraminidase contained glucosamine, and a 
high proportion of serine and threonine. The partial specific volume was o.713 cm3/g. 
Reduced neuraminidase was isotopically labeled in vitro by reaction with iodoE14Cl - 
acetamide. When carboxamidomethylated in the absence of urea, enzymically inactive 
labeled material was obtained with a maximum size similar to native neuraminidase. 
When carboxamidomethylated in the presence of 6 M urea, labeled, dissociated sub- 
units were obtained that  did not associate or regain enzymic activity on removal of 
urea. The molecular weight of dissociated subunits was determined by sedimentat ion- 
diffusion methods as 50 000-54 ooo, and by  sodium dodecyl sulfate-acrylamide gel 
electrophoresis as about 50 ooo. Thus native neuraminidase (tool. wt. about 200 ooo) 
is probably a tetramer. Neuraminidase contained about 21 cysteine residues per sub- 
unit. These appear to be present as disulfide bonds in the native enzyme. 

INTRODUCTION 

Proteolytic degradation of influenza virus has shown that  neuraminidase 
(mucopolysaccharide N-acetylneuraminylhydrolase, EC 3.2.1.18) is located in an 
outermost layer of functional viral proteins, which also contains the viral hemag- 
glutininl-L Removal  of this protein layer leaves biologically inactive degraded virus 
particles, containing about 5o% of the total  viral protein in the structural layer of the 
virus envelope a-5. Although neuraminidase thus represents only about 5-IO~o of the 
total viral protein1, 4, it is antigenic8, 9, and neuraminidase antibodies appear to 
partially protect animals against influenza infection1°, ~1. However, considerable 
variation in antigenic and enzymic properties has been observed between different 
influenza neuraminidasesS,X~, lz, and the chemical basis for those differences needs to be 

Biochim. Biophys. Acta, 258 (1972) 484-495 



INFLUENZA NEURAMINIDASE SUBUNITS 485 

established. We report here on the amino acid composition and subunit structure of 
A2/I957 neuraminidase, highly purified from the recombinant virus X-7(FI ). A proce- 
dure for the in vitro 14C labeling of neuraminidase was developed, in order that  
microgram quantities of enzymically inactive material could be characterized. 

MATERIALS 

Nagarse protease (subtilisin BPN 1, EC 3.4.4.16) was obtained from Miles- 
Seravac, Maidenhead, England; fetuin from Nutritional Biochemicals and Colorado 
Serum Company; ovalbumin from Nutritional Biochemicals; bovine serum albumin 
and yeast alcohol dehydrogenase from Pentex. Molecular weights (Mr) and sedimenta- 
tion coefficients (S,o,w) of reference proteins were taken as: ovalbumin, Mr ---- 43 500, 
S2o,w = 3.66 S; bovine serum albumin, Mr = 67 ooo, S2o,w ---- 4.4 S; and yeast alcohol 
dehydrogenase Mr = 15o ooo, s~0,w = 7.4 S (refs. I4,I5). The Stokes' radius was 
calculated for each protein from the modified Svedberg equation (Eqn. I, see RESULTS) 
assuming ]7 _-- 0.733 cmS/g. "Ul t rapure"  grade urea (Schwarz/Mann) was used with- 
out further purification. All buffers contained 0.02% sodium azide. IodoEI-14C3acet - 
amide (specific activity 52-58 mC/mmole) and reference standard n-[14C]hexadecane 
were products of Amersham-Searle. 

METHODS 

Virus purification 
Recombinant virus X-7(FI), grown in chicken eggs, was concentrated from 

allantoic fluid by pelleting at 7 ° ooo x g for i h. Virus was resuspended in o.I M 
Tris-HC1, pH 7.5, briefly sonicated, and centrifuged for 45 min at 25 ooo rev./min 
through a discontinuous sucrose density gradient in the Spinco SW 25.1 rotor. The 
gradients were prepared by layering in transparent  tubes 2 ml of 60%, 7 ml of 48%, 
36% and 24%, and 5 ml of 12% sucrose (w/v in o.I M Tris-HC1, pH 7.5). Virus re- 
covered from a white opalescent band midway down the gradient was diluted with 
o.i M Tris-HC1, pH 7.5, pelleted as before, resuspended in o.I M Tris-HC1, pH 8.5, 
containing io -~ M CaC12, and briefly sonicated. 

Sucrose density gradient centrifugation 
All sucrose solutions were prepared w/v in o.I M Tris-HC1, pH 7.5. 
(a) 15-3o% gradients used for purifying neuraminidase were prepared by  placing 

1.2 ml layers of 30, 24, 18 and 15% sucrose in 0.5 inch × 2 inch centrifuge tubes. 
(b) 6-30% gradients used for determining sedimentation coefficients were pre- 

pared by placing 0.95 ml layers of 30, 24, 18, 12 and 6% sucrose in 0.5 inch X 2 inch 
centrifuge tubes. After centrifugation, gradients containing radioactive samples were 
reproducibly fractionated using a tube piercing apparatus, and equal numbers of 
drops collected directly into vials of scintillation fluid. Reference proteins (5 rag) were 
centrifuged in separate gradients, and equivalent fractions collected in tubes, diluted 
to I ml with water, and their ultraviolet absorbance measured. 

A crylamide gel electrophoresis in the presence of sodium dodecyl sulfate 
This was performed by  the procedure of SUMMERS et al. 16 using 7.5% acrylamide 
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gels. Samples for electrophoresis were dissolved by boiling for 2-3 rain in the buffer 
containing sodium dodecyl sulfate and/3-mercaptoethanol. Gels were stained with 
Coomassie blue aT. 

Determinations 
(a) Radioactivity was counted by adding aqueous chromatography or density 

gradient fractions to IO ml of scintillation fluid containing 0.9% 2,5-bis(5'-tert.- 
butylbenzoxalyl-2')thiophene in toluene-Triton X-Ioo solvent (9:i, v/v) t. The 
aqueous content was made up to 4 or 5 ml with water, and x~C radioactivity in the 
resulting emulsion was counted in an Ansitron spectrometer. Using n-E14C]hexadecane 
as an internal standard, the counting efficiency was 60%. 

(b) Protein was determined by the Lowry method, as described by LECGETT- 
BAILEY 18, using bovine serum albumin as a standard. 

(c) Viral hemagglutinin was t i trated by microtitre method, using 0.5% chicken 
erythrocyte suspension. Hemagglutinin antibodies were ti trated by standard hemag- 
glutination-inhibition procedure 10. Hemagglutinin-blocking antigen activity was 
t i trated as described for A0/PR8 virus by ECKERT ~°. In the present case, samples 
were tested for competition with X-7(FI ) virus antigen for antibodies in rabbit anti- 
X-7(FI ) serum. 

(d) Neuraminidase enzymic activity was detected by incubation with fetuin 
substrate at 37 ° in o.I M phosphate buffer, pH 6.0. As the sialic acid content of 
different fetuin batches varied from about 4-6% (determined after i h hydrolysis 
at 80 ° with 25 mM H2SO,), fetuin concentrations were used so that a standard sialic 
acid concentration, 7 ° / ,g/ml,  was present in enzyme reaction mixtures. A unit of 
neuraminidase is defined as the amount of enzyme liberating I mg of sialic acid from 
0. 5 ml of fetuin solution in I5 min under the conditions described. Free sialic acid 
was determined by the method of AMINOEF 21 using synthetic N-acetylneuraminic acid 
(Sigma) as a standard. Measurement of neuraminidase activity for determining yield 
and specific activity were made in the linear range of the enzyme assay (0-8 #g of 
sialic acid released). Neuraminidase antibodies were ti trated as described previously, 
using Cohn serum Fraction IV-4 as enzyme substrate 22. 

(e) Amino acids and amino sugars were determined using a Spinco-Model 12o 
automatic recording analyzer, equipped with electronic integrator. Neuraminidase 
samples were hydrolyzed for 24 and 4 8 h in 5.8 M HC1 in vacuo at IiO ± I °, after 
repeated flushing with nitrogen 23. After hydrolysis the HC1 was removed in vacuo. 
Total cysteine content was determined on duplicate samples after oxidation with 
performic acid 24. One neuraminidase sample was hydrolyzed with 3 M p-toluene 
sulfonic acid, including I mg of 3-(2-aminoethyl)indole to prevent tryptophan 
destruction 25. 

RESULTS 

Stability of X-  7 ( F I )  neuraminidase 
Recombinant virus X-7(FI) and A~/I95 7 viruses have neuraminidases of similar 

antigenic specificity and enzyme kinetics ~6-28. However, recombination of influenza 
viruses can result in altered stability of neuraminidase without concomitant change 
in antigenic or enzymic properties 29. Table I shows the similar heat stability of X- 7 (F I) 
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T A B L E  I 
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Virus Neur aminidase inactivation (%)* 

A0/PRS/34 > 9 5  
A J F M I / 4 7  > 9 5  
A J R I 5 + / 5 7  35 
R e c o m b i n a n t  X-  7 (FI) 44 
A2/Aichi /I /68 ( " H o n g  K o n g "  influenza) > 9 5  

* I : 5 d i lu t ions  of  each v i rus  a l lantoic  fluid were i ncuba t ed  a t  p H  6.o for I h a t  56 °, and  
the i r  n e u r a m i n i d a s e  ac t iv i t ies  m e a s u r e d  as  descr ibed in METHODS. 

and A2/I957 neuraminidases, compared to other influenza neuraminidases. This 
further justifies the use of X-7(FI ) recombinant virus as a source of A2/I957 influenza 
neuraminidase. 

Isolation of neuraminidase 
o.5-m] aliquots of X-7(FI) virus concentrates, purified as described in METHODS, 

were incubated at 37 ° with 2 mg of nagarse for 6 h and then for 16 h with a further 
5 mg of nagarse, thereby destroying 90-99% of viral hemagglutinating activity. The 
virus digests were sedimented through linear gradients of 12-6o% sucrose solutions 
(w/v in o.I M Tris-HC1, pH 7.5), so that  degraded virus particles4, 5 separated from the 
bulk of neuraminidase that  had been released from the virions (Fig. I). Neuraminidase 
in the upper 2 or 3 fractions was recovered, and o.5-ml aliquots centrifuged for 16 h 
through 15-3o% sucrose gradients. The neuraminidase separated well from the bulk 
of low molecular weight protein near the top of the gradient (Fig. 2). Peak fractions 
of neuraminidase activity were pooled, dialysed exhaustively against glass distilled 
water, and finally centrifuged in the SW 39 rotor for I h at 38 ooo rev./min to remove 
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Fig. i .  Dens i t y  g rad ien t  cen t r i fuga t ion  of  naga r se - t r e a t ed  inf luenza  v i rus  X-  7 (FI). S e d i m e n t a t i o n  
(r ight  to left) was  for 1.5 h a t  38 ooo r ev . / m i n  in t he  SW39 ro tor  t h r o u g h  a 12 -6o% (w/v) sucrose 
gradient .  O---O,  n e u r a m i n i d a s e  ac t iv i ty ;  O - - - O ,  res idual  h e m a g g l u t i n a t i n g  ac t iv i ty ;  [ ] - - - [ ]  
specific g rav i ty .  

Fig. 2. Pur i f icat ion of  X-7(FI)  neu rami n i da se .  N e u r a m i n i d a s e  was  cen t r i fuged  for 16 h a t  
38 ooo r ev . /m in  in t he  SW39 ro to r  a t  IO ° t h r o u g h  a 15-3o % (w/v) sucrose gradient .  O - - O ,  
n e u r a m i n i d a s e  ac t iv i ty ;  O - - - O ,  prote in .  S e d i m e n t a t i o n  was  f rom r igh t  to left. 
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any residual large impurities. Supernatant fluid was carefully withdrawn, and an 
aliquot assayed for enzyme activity and protein concentration, in parallel with samples 
of the initial untreated virus. Mean values from 12 experiments were: overall yield 
of neuraminidase activity, 24% (range IO to 36); overall purification factor, 15 (range 
5 to 30) ; and neuraminidase specific activity, 4.6 enzyme units//~g protein (range 2. 4 
to 7.8). Purified neuraminidase preparations were freeze-dried. This procedure for 
purifying neuraminidase was slightly modified from that previously described 4. 

Purity of isolated neuraminidase 
Purified X-7(FI) neuraminidase had no hemagglutinating activity, and did not 

contain serologically active hemagglutinin fragments when tested for blocking antigen 
activity. Immunization of rabbits failed to elicit hemagglutinin (HI) antibodies, but 
high-titer neuraminidase (NI) antibodies were obtained (Table II). Sodium dodecyl 

T A B L E  II  

P R O D U C T I O N  O F  A N T I - N E U R A M I N I D A S E  S E R U M  

T i m e  A ct ion S e r u m  a n t i b o d y  t i tres  

H a e m a g g l u t i n i n  * N e u r a m i n i d a s e  ~* 

D a y  o 

Week  7 
M o n t h  9 

W e e k  I 
pos t  boost 
W e e k  2 
pos t  boos t  

Normal  s e r u m  bleed. Foo t -pad  inocu- < 8  
lat ion wi th  X-  7 (FI) neu ramin idase ,  as 
a d j u v a n t  emuls ion  
Sample  bleed < 8  
Sample  bleed < 8  
I n t r a v e n o u s  boos ter  inocula t ion  of  X- 7 
(FI) n e u r a m i n i d a s e  
Sample  bleed < 8  

< 8  Sample  bleed 

~ 2 0  

5800 
300 

8000 

8000 

* Pe r ioda te - t r ea t ed  sera vs. X-7(F I  ) an t igen .  
** Un t r ea t ed - se r a  vs. homologous  A2/RI5+/57 e n z y m e  of  X- I5  v i rus  (ref. 37). 
Two o ther  r abb i t s  i m m u n i z e d  wi th  different  n e u r a m i n i d a s e  p repa ra t ions  p roduced  s imi la r  

a n t i b o d y  response  a f te r  6 -  7 weeks.  

sulfate-acrylamide gel electrophoresis of reduced neuraminidase revealed a single 
sharp band of molecular weight about 50 ooo, when compared to ovalbumin and 
bovine serum albumin markers (Fig. 3). These results showed that neuraminidase 
had been completely separated from viral hemagglutinin, and that only trace amounts 
of contaminating proteins could be present in purified neuraminidase, which was 
therefore considered suitable for further study. 

Amino acid composition of neuraminidase 
Reproducible analyses were made on 5 samples of lOO-15o/~g from 3 different 

neuraminidase preparations, as described in M E T H O D S .  From the amino acid com- 
position summarized in Table uI ,  the partial specific volume (17) of neuraminidase 
was calculated as o.713 cm3/g. 
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Fig. 3. Sodium dodecyl sulfate acrylamide gel electrophoresis of reduced X-7(FI ) neuraminidase.  
(A) 20 #g of neuraminidase. (B) Marker proteins bovine serum albumin, ovalbumin and trypsin.  

Although t ryptophan was never detected, this is not conclusive evidence for 
its absence. Glucosamine was present, confirming by direct analysis that  influenza 
neuraminidase is a glycoprotein6, ~. The high proportion of serine and threonine in 
neuraminidase may  be relevant to its glycoprotein nature. Total  cysteine was also 
present in high proportion. 

14C-Carboxamidomethylation of isolated neuraminidase 
Stock Tris-HC1 buffer was maintained in a degassed state under partial  vacuum 

before use in the following procedure. Aliquots (20-60 #g) of purified neuraminidase 
in 75-#1 volumes of 6 M urea, 0.066 M Tris-HC1, pH 7.5, were heated to IOO ° for 15 
min in the presence of 0.4/,mole of dithiothreitol. To lower the dithiothreitol concen- 
tration, the denatured, reduced neuraminidase was then chromatographed through 
a 0.38 cm * × 5 cm column of Sephadex G-5o, equilibrated with 6 M urea in the Tr is -  
HC1 buffer and o.o 4 mM dithiothreitol. Material of molecular weight greater than about 
IO ooo eluting from the column was collected in a o.6-ml volume, and immediately 
o . I / ,mole  of iodoEi-14C]acetamide (specific activity 52-58 mC/mmole) was added, and 
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T A B L E  I I I  

AMINO ACID COMPOSITION OF A J I 9 5 7  INFLUENZA VIRUS NEURAMINIDASE 

A mzno acid Molar ratio relative to Residues 
aspartate (Mr per 54 ooo) 

Experimental Mean 
range valise 

Lysine o.263-o.278 o.273 2o.3 
Histidine o-122-o.136 o.13o 9.7 
Arginine 0.383-0.409 0.400 29.8 
Aspartate i .ooo i .ooo 74.3 
Threonine o.388-o.432" o.413" 30.7 
Serine 0.755-0.849* 0.792* 59.0 
Glutamate 0.525-0.549 0.537 40.0 
Proline 0.295-0.329 o.313 23.3 
Glycine o.673-o.7o3 o.681 50.6 
Alanine o.2oo-o.211 0.204 15.3 
Valine o.47I-o .512 0.486 36.1 
Methionine o. 12o-o. 129 o. 125 9.3 
Isoleucine o.451-o.463 0.459 34.1 
Leucine 0.238-0.284 0.258 19.4 
Tyrosine o.163-o.176 o.169 12.6 
Phenylalanine o.196-o.2o 5 o.199 14.8 
Total cysteine 0.287-0.289 0.288 21. 4 
Tryptophan Not detected 

A mino sugars 
Glucosamine 0.075-0.077 0.076 5.7 
Galactosamine Not detected 

" A s s u m e s  5% loss of threonine and IO°/~ loss of  serine during analysis. 

the mixture incubated in the dark at 37 ° for  4 h. No  neuraminidase activity w a s  

recovered after this treatment. 

Properties of 14C-carboxamidomethylated neuraminidase 
(a) Sephadex gel filtration. Neuraminidase-iodoacetamide reaction mixtures 

described above were examined after 4 h incubation by chromatography through a 
column of Sephadex G-Ioo (2 cm 2 × 60 cm) eluted in series with a column of Sephadex 
G-2oo (2 cm 2 × 30 cm). Protein that had incorporated laC label eluted as a single 
sharp peak, well separated from the bulk of excess iodoacetamide at the total volume 
of the column series (Fig. 4A). Calibration of the columns with reference proteins 
showed that the 14C-labeled material obtained from neuraminidase reproducibly 
eluted from the columns in about the same position as native bovine serum albumin 
(Fig. 4B), and had a Stokes' radius of  37 fit determined by graphical interpolation 
using the relationship of LAURENT AND I{ILLANDER (see ref. 15). Untreated neura- 
minidase eluted slightly behind the void volume (V0) of  the column series, ahead of 
yeast alcohol dehydrogenase (Fig. 4B) in agreement with the previously observed 
behavior of active neuraminidase on Sephadex G-2oo columns 4. From these results 
it was clear that by means of the carboxamidomethylation procedure described above, 
isotope labeled, dissociated subunits were prepared from neuraminidase. The sub- 
units did not reassociate on removal of  urea during gel chromatography. 
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Fig. 4. C h r o m a t o g r a p h y  of  1*C-labeled dissocia ted n e u r a m i n i d a s e  s u b u n i t s  on a series of  Sephadex  
G-Ioo  a n d  G-2oo co lumns .  (A) E lu t ion  of: O - - O ,  labeled s u b u n i t s  (×  io  s scale);  and  C)---G, 
u n i n c o r p o r a t e d  iodo[l*C]acetamide,  (×  lO 5 scale). (B) E lu t ion  of: / ~ - - ~ ,  na t ive  neu ramin idase ,  
e n z y m i c  ac t iv i ty  X~so nm; C)---©, y e a s t  alcohol d e h y d r o g e n a s e  A280 nm; and  [ ] . . . D ,  bovine  
s e r u m  a lbumin ,  A280 am. V0 = Frac t ion  12, d e t e r m i n e d  wi th  D e x t r a n  blue 2000. Co lumns  were 
e lu ted  a t  io  m l / h  wi th  o.15 M NaC1, and  5-ml f rac t ions  collected. 

(b) Rate zonal centrifugation. After incubation of denatured, reduced neuramini- 
dase with iodo[X4C]acetamide for 4 h as described above, o.3-ml aliquots were taken, 
and a small amount  of Dextran blue 2000 solution added as a visible marker. Urea 
and unincorporated iodoE14Clacetamide were removed from these samples by 
"desalt ing" chromatography on disposable columns of Sephadex G-5 o, o.38 cm ~ × 3 
cm, equilibrated in o.I M Tris-HCl, pH 7.5. Eluant  containing the Dextran blue 
marker,  and thus all material  excluded from the gel, was recovered in about 0. 4 ml, 
and o.I-ml aliquots of these preparations were used as samples for rate zonal density 
gradient centrifugation. A single peak of sedimenting radioactivity was always found 
(Fig. 5) and by comparison with the sedimentation of native ovalbumin and bovine 
serum albumin markers the sedimentation coefficient (s20,w) of 14C-labeled neuramini- 
dase polypeptides was reproducibly determined in this way as 3.7 S. These results 
confirmed that  z4C-labeled dissociated subunits had been obtained from neuramini- 
dase, which has a sedimentation coefficient of about 8 S as the active enzyme 4. 

(c) Calculation of the molecular weight of neuraminidase polypeptides. The values 
obtained above for the Stokes' radius (a), sedimentation coefficient (s) and partial 
specific volume (17) of neuraminidase subunits were substituted in the equation: 

Mr = 6 ~  Nas/(I  -- [~)q (I) 

where ~ = viscosity of water, N = Avagadro's  number, and q = density of water. 
The molecular weight (Mr) of the subunits from A~/I957 influenza neuraminidase 
was determined as 54 ooo. 

Biochim. Biophys. Acta, 258 (1972) 484-495 



492 A. P. KENDAL, E. A. ECKERT 

xlO-2 

28 

24  

.=20 !M 

o 

I 5 I0 15 20 
Froction 

0.7 

0.6 

05 Ec 

04 o 
ed 

0.3 
g 
x} 

0.2 

0l 

Fig. 5. Sedimentat ion of  14C-]abeled dissociated neuraminidase subunits .  Centrifugation (right to 
left) was for 16 h at  38 ooo rev. /min in the SW39 rotor  at  IO ° th rough  a linear 6-3o% sucrose 
gradient.  O - - Q ,  labeled neuraminidase subunits ,  radioactivity;  O- - -O ,  bovine serum albumin 
marker,  A~s 0 nm. 

(d) Estimation of the accuracy of molecular weight determination. 5o-/~g samples 
of reference proteins were treated to produce ]4C-carboxamidomethylated derivatives, 
whose molecular parameters  were then determined by  Sephadex gel filtration and 
rate zonal centrifugation. Procedures throughout were identical to those described 
above for neuraminidase subunits. The molecular weights of a4C-carboxamidomethyl- 
ated ovalbumin and bovine serum albumin polypeptides were thus calculated as 
50 ooo and 74 ooo, respectively (Table IV), about lO% higher than their " t rue"  
molecular weights. This suggests that  the molecular weight of neuraminidase subunits 
similarly determined probably lies in the range of about 50 000-54 ooo. 

T A B L E  IV 

P H W S I C O  C H E M I C A L  D A T A  F O R  N A T I V E  A N D  1 4 C - C A R B O X A M I D O M E T H Y L A T E D  R E F E R E N C E  P R O T E I N S  

Protein Sedimentation Stokes' Molecular weight 
co@qeient (S) radius (~1) 

Native ova lbumin  3.66 
]4C-carboxamidonlethylated ova lbumin  3.4 
Native bovine serum albumin 4.4 
14C-carboxamidomethylated bovine 3-9 

serum a lbumin  

28* 43 5 °0 
34.5 5 ° ooo* 
36* 67 ooo 
44.5 74 ooo* 

6~t 1Nas 
* Calculated f rom the relationship Mr (Eqn. I) assuming a value of 0.733 ml/g ( I -  ~)q 

for 1 ?. 

Preparation of 14C-carboxamidomethylated associated neuraminidase subunits 
After denaturation-reduction of neuraminidase by heating in urea-dithiothreiol 

as before, urea was removed from the samples by chromatography on a 0.38 cm 2 × 5 
cm column of Sephadex G-5o, equilibrated with o.I M Tris-HC1 buffer, pH 7.5, and 
0.04 mM dithiothreitol, but no urea. Material of molecular weight greater than about 
IO ooo recovered from this step was reacted with iodo[14C]acetamide and un- 
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incorporated 14C label removed by "desalting" chromatography as before. The product 
contained 14C-labeled material with sedimentation coefficients ranging between that 
of dissociated subunits and native neuraminidase (Fig. 6). Sephadex gel chromato- 
graphy confirmed the presence of labeled material in this size range. These findings 
showed that  if urea was removed from reduced neuraminidase prior to blocking 
exposed sulfhydryl groups, the subunits could reassociate to produce aggregates up 
to about the size of native neuraminidase. However, some sulthydryl groups remained 
free for reaction with iodoacetamide, and the final product was enzymically inactive. 
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Fig. 6. S e d i m e n t a t i o n  of  14C-labeled assoc ia ted  n e u r a m i n i d a s e  subun i t s .  Cen t r i fuga t ion  (r ight  to 
left) was  for 16 h a t  38 ooo r e v . / m i n  in t he  SW39 rotor  a t  IO ° t h r o u g h  a l inear  6 -  o/ 3 ° / o  s u c r o s e  

gradient .  A p p r o x i m a t e  s e d i m e n t a t i o n  coefficients were by  compar i son  wi th  bovine  s e r u m  a l b u m i n  
and  IgG cen t r i fuged  in s imilar  gradients .  

Reactivity of neuraminidase sulfhydryl groups 
Native neuraminidase incubated at pH 7.5 with iodo[l~Clacetamide at similar 

concentrations to before neither lost its enzymic activity, nor incorporated any 14C 
label as judged by chromatography on Sephadex G-Ioo and G-2oo columns. Neura- 
minidase denatured by heating in 6 M urea without dithiothreitol-reducing agent lost 
its enzymic activity completely, but  did not incorporate any t4C label on reaction 
with iodo[t4C~acetamide in the presence of 6 M urea. These results indicated that the 
sulfhydryl groups of native A,/I957 influenza neuraminidase may all be present as 
disulfide bonds, and that the neuraminidase enzymic activity is also dependent on 
structural conformations maintained by noncovalent interactions. These conclusions 
are in agreement with HOYLE'S a° description of A~/I957 influenza virus neuraminidase 
reactivity. 

DISCUSSION 

This report confirms that  A2/I957 influenza neuraminidase may be solubilized 
from virions by treatment with the protease nagarse, and conveniently purified by a 
series of two density gradient eentrifugation steps 4. Neuraminidase activity was 
recovered with an overall yield about twice that  obtained by the alternative method- 
ology of DRZENIEK et al. 31. Overall purification factors using either technique are 
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about I5-I8-fold, consistent with findings that neuraminidase comprises 5-1o% of 
the total virus protein1, 4. Stable A2/I957 neuraminidase may also be purified after 
disrupting virus particles with detergent ~2 but there is insufficient data available to 
evaluate the efficiency of that  method. 

Using similar techniques to those adopted here, the molecular weight of active 
neuraminidase was previously determined to be 220 ooo, assuming t 7 = 0.733 cm3/g 
(ref. 4)- As amino acid analysis indicates that 17 = o.713 cm3/g (excluding carbo- 
hydrate and t ryptophan content), the molecular weight of neuraminidase may now 
be corrected to about 200 ooo. By two independent procedures neuraminidase sub- 
unit size was shown here to be close to 50 ooo. Hence the active enzyme probably 
contains 4 subunits. However, it is not known whether the subunits are identical. 

An average of about 21 total-cysteine residues are present in each subunit 
(Table III). This would explain the ready reassociation of subunits when efficient 
denaturing and reducing agents are removed from reduced neuraminidase without 
first having blocked sulihydryl groups (Fig. 6 and ref. 33). Since the sulthydryl 
residues appear to be present in the native enzyme as disulfide bonds, the high total- 
cysteine content is also probably a major factor in stabilizing Ae/I957 neuraminidase 
to heat, proteolytic enzymes and detergent. 

WEBSTER 33 reported that neuraminidase solubilized from virus with ionic 
detergent could be dissociated into subunits with a size of 58 ooo. The larger subunit 
size compared to the present results may not be significant when intrinsic experi- 
mental errors are considered. Additionally, active neuraminidases isolated by proteo- 
lyric and detergent methods do not appear to differ significantly in size as judged by 
sedimentation studies34,35; hence their subunits should be similar. One difference 
between neuraminidases isolated by proteolytic and detergent methods is that  in the 
latter case both the enzyme and its dissociated subunits can form very high molecular 
weight aggregates~a, 36. However, it has been suggested that the component responsible 
for the aggregation of detergent-solubilized neuraminidase is not an integral com- 
ponent of the enzyme molecule, and that proteolysis does not destroy any significant- 
sized portion of neuraminidase 35. 

Procedures described here have enabled monomeric enzymically active AJI957 
neuraminidase and its dissociated subunits to be prepared for further study. It  is 
hoped that similar techniques will prove suitable for use with other influenza 
neuraminidases, so that  ultimately structural changes in the enzyme subunits may be 
correlated with variation in the antigenic and enzymic properties between different 
virus neuraminidases. 
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