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The Conformation of N-Acetyl-Gt-o-muramic Acid and its Relationship to Penicillin 
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N-Acetyl-~-D-muramic acid monohydrate, ClIH19NOa.H20, crystallizes in space group P212121 with 
a= 7.833 + 0"005, b= 8"084_+ 0.005, c= 23"495_+ 0"018/~ and Z=4.  The structure was solved by direct 
methods and refined by least-squares calculations to R= 0.079 for 1060 observed reflections. The mole- 
cule has the 4C1 conformation with internal torsion angles ranging from 49 to 62 °. The C(1)-O(1)H bond 
(1.38_+ 0.01 A) is significantly shorter than the mean of four other single bonds. Ring C-O distances are 
1-42 and 1"45 _+ 0-01 A for C(1)-O(5) and C(5)-O(5), respectively. An intramolecular hydrogen bond of 
2.96/~ exists between the N-acetyl amide and the lactyl carbonyl. The resulting molecular conformation 
is unlike that proposed in earlier model studies which pointed to a similarity between penicillin and N- 
acetyl muramic acid as the basis for the activity of the antiboitic. 

Introduction 

Penicillin and cephalosporin antibiotics stop bacterial 
growth by being mistaken for certain cell wall precur- 
sors by the enzymes which synthesize the wall network. 
These enzymes either use penicillin to form a weak 
wall, or are inactivated by becoming irreversibly bound 
to the antibiotic (Strominger, Izaki, Matsuhashi & 
Tipper, 1967). Exactly which precursor is resembled by 
penicillin has been the subject of biochemical studies 
by several groups. Collins & Richmond (1962) sug- 
gested, on the basis of model building, a topographic 
similarity of penicillin to N-acetyl-~-muramic acid 
(NAM, shown below in Haworth projection). 

CH20H 

HOOC--CH" ~J ~ 2  
I H NH--CO--CH 3 
CH3 

This compound was suggested by these authors and 
by others (Felsenfeld & Handschumacher, 1967) be- 
cause it is one of the two glucopyranose components 
in the cell wall polysaccharide ( -NAM-NAG-) , ,  where 
NAG is N-acetylglucosamine. These fl(1-4) polysac- 
charide chains are cross-linked through NAM by short 
polypeptides to complete the two-dimensional wall 
network, and other authors believe it is rather at this 
later stage of wall synthesis that penicillin is antibiotic. 
For example, Wise & Park (1965) use molecular models 
to show a structural relationship between penicillin 
and the L-alanyl-y-D-glutamyl portion of the peptide 
cross-link. On the other hand, Tipper & Strominger 
(1965) and recently Lee (1971) provide evidence which 
strongly points to X-D-alanyl-D-alanine as the precur- 
sor most like penicillin. To test these hypotheses we 
report now the molecular structure of NAM and com- 
pare its topography with benzylpenicillin (Pitt, 1952). 

We plan to analyze derivatives of the other two dipep- 
tides. 

Active interest in the chair to half-chair transition 
of NAM exists in studies on the mechanism of lyso- 
zyme (Phillips, 1967), an enzyme which ruptures cell 
wall by breaking the glycosidic linkage between NAM 
and NAG. Now that the active site geometry of the 
enzyme has been established (Blake, Johnson, Mair, 
North, Phillips & Sarma, 1967), future substrate bind- 
ing studies will require conformational and structural 
details of the NAM molecule. 

Experimental 

N-Acetylmuramic acid (3-O-D-~-carboxyethyl-N-ace- 
tyl-D-glucosamine, NAM) was obtained from Sigma 
Chemical Company and was crystallized as the mono- 
hydrate by slow evaporation of ethanol-water solu- 
tions at room temperature. The space group and lat- 
tice parameters were determined from precession pho- 
tographs. Unit-cell constants were Iefined from a least- 
squares fitting of diffractometer angles for 12 centered 
reflections. 

Crystal data 
CnH:9NOs. H20, F.W. 311.2, F(000) = 664. 
Orthorhombic. 
a = 7.833 + 0.005 A, 
b = 8.084 _ 0-005, 
c= 23-495 + 0.018, 
Dx=1"389 g cm -3 for Z = 4 ,  Dm=1"38+0"02 g cm -3 

by flotation in carbon tetrachloride-xylene. 
Linear absorption coefficient (Mo Kct)/z = 1.25 cm-  
Systematic extinctions" h00 for h odd, 0k0 for k odd, 

00l for l odd. Space group P2~2121 (D24, No. 19). 

A crystal measuring 0.3 × 0.5 × 0.9 mm was sealed in 
a glass capillary. Intensity data were collected with 
Mo Ka radiation on a Picker Corporation FACS-I 
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four-circle d i f f rac tometer  equipped  with a graphi te  
m o n o c h r o m a t o r .  A 1 ° min -1 20 scan was used with 
s ta t ionary  20 s backg round  counts  on ei ther  side of  
the nomina l  2 ° scan. Three  s t andard  reflections were 
m o n i t o r e d  every 100 reflections. Of  the 1548 unique 
reflections measured  to 50 ° 20, 485 reflections had  
background-cor rec ted  intensit ies Io less than  3~(Io) and  
were assigned an intensi ty of  Io+ 3a(Io). The s t andard  
error  a is es t imated  as [CN + BG +p21~]m where CN 
is the peak  count ,  BG is the total  backg round  count ,  
and  p is an a rb i t ra ry  stabil i ty fac tor  t aken  as 5 %. Cor-  
rect ions were made  for Lo ren t z -po l a r i za t i on  effects, 
but  not  for absorp t ion .  Four ier  and  least-squares cal- 
cula t ions  were done  with X - R A Y  System (1972) on 
an IBM 360 computer .  Scat ter ing curves were taken 
f rom International Tables ,for X-ray Crystallography 
(1968). 

Structure determination and refinement 

The 1063 observed reflections were conver ted  to nor-  
mal ized IEI values by means  of  a K curve, and  the sym- 
bolic add i t ion  procedure  for non-cen t rosymmet r i c  crys- 
tals was appl ied  (Karle  & Karle,  1966). Phases used 
for origin and  e n a n t i o m o r p h  ass ignment  are shown in 
Table  I toge ther  with three symbol ic  phases. 

Table  1. Starting phase assignments 

h k l IEI 
4 0 15 3.07 re/2 
0 7 6 2.45 -zr/2 
7 0 8 1.99 0 
4 8 7 2-50 re/2 
0 2 9 2.20 a 
3 1 9 2-25 b 
1 3 8 2.65 c 

In addi t ion ,  phases of  four  s t ructure  invar iants  which 
were de te rmined  using the ~1 fo rmula  ( H a u p t m a n  & 
Karle,  1953) are shown in Table  2. Only the lat ter  two 
phases were used with the s tar t ing phases in Table  1. 
To implement  the phas ing  procedure ,  the three sym- 
bolic phases were systematical ly assigned numer ic  val- 
ues in increments  of  zc/4 radians.  The mult iple-solu-  
t ion tangent  fo rmu la  procedure  developed by Drew, 
Temple ton  & Zalk in  (1969) was used. After  30 cycles 
of  t angen t - fo rmula  refinement,  including in three stages 
the 180 reflections with IEI > 1.45, the phase set with 
an R(Karle)  index equal  to 0.21 was used to calculate  an  
E map  which revealed all 20 non -hyd rogen  a toms in the 
molecule  and  one water  oxygen a tom.  The init ial  R 
value ~ l l F o l -  IFcII/Y.IFol based on E m a p  coord ina tes  
was 26 .1% for observed reflections. 

Table  2. An application o f  the ~,1 formula 

h k / IEI P+  ~(predicted) q/(final) 
0 8 10 2.39 0.65 0 0 
0 2 8 2.20 0.66 0 0 
2 6 0 2"05 0"11 lr zr 
0 6 16 1"71 0"81 0 0 

In the ful l-matrix least-squares ref inement  the quan-  
t i ty min imized  was ~w(IFol -  IFcl) 2, where w=a-Z(Fo) .  
After  six cycles of  ref inement  with isot ropic  tempera-  
ture factors,  pa rame te r  shifts became less than  the i r  
s t anda rd  deviat ions  and  the R index was 14.7 %. At this 
stage six hydrogen  a toms were located in difference 
Four ie r  maps.  Seven add i t iona l  cycles of  ref inement  
with an iso t rop ic  t empera tu re  factors  for  n o n - h y d r o g e n  
a toms gave an R index of  7 .9%,  at  which po in t  all 
pa ramete r  shifts were less than  0.2o-. Pos i t ional  and  
isotropic  the rmal  factors  (of  parent  a tom)  for hydrogen  
a toms  were not  varied. Wate r  hydrogens  could no t  be 

Table  3. Fractional coordinates (×  104) and anisotropic temperature factor coefficients (×  103) 

The expression used is T= exp [ -  2rcZ(a .2 Ul~h 2 + b .2 U22k z + c .2 U33l 2 + 2a*b* hk UI2 + 2a'c* U13hl + 2b'c* U23kl)] . Standard devia- 
tions are given in parentheses. 

x y z Ull U22 U33 U12 U13 U23 
C(I) 1582 (12) -524  (10) 4375 (3) 59 (7) 33 (7) 26 (4) - 1 9  (5) - 7  (4) 4 (4) 
C(2) 3076 (11) 30 (9) 3991 (3) 42 (6) 23 (4) 26 (4) - 3  (4) 1 (4) 5 (4) 
C(3) 2472 (11) 1517 (9) 3639 (3) 54 (6) 15 (4) 29 (4) 1 (4) 13 (4) 4 (3) 
C(4) 936 (12) 1014 (10) 3290 (3) 52 (6) 28 (4) 30 (4) 0 (4) - 11 (4) 1 (4) 
C(5) -471 (13) 257 (10) 3652 (4) 48 (6) 33 (4) 33 (4) - 7  (5) - 4  (5) - 4  (4) 
C(6) -1854 (13) -623 (11) 3330 (4) 49 (6) 44 (5) 52 (5) 1 (5) - 4  (5) - 1 8  (5) 
C(7) 5505 (12) -634  (9) 4611 (3) 47 (6) 23 (4) 35 (4) 3 (5) - 6  (5) 1 (4) 
C(8) 6807 (14) - 8  (11) 4991 (4) 55 (6) 35 (5) 62 (6) - 2  (5) - 1 4  (6) 3 (5) 
C(9) 4103 (11) 3699 (9) 3170 (3) 45 (5) 15 (4) 37 (4) - 13  (4) 6 (4) 11 (3) 
C(10) 4624 (12) 4619 (8) 3713 (4) 46 (5) 11 (3) 43 (5) 11 (4) - 10 (5) 2 (4) 
C(11) 5427 (14) 3838 (11) 2724 (3) 80 (7) 39 (5) 39 (5) - 19 (6) 8 (6) 12 (4) 
O(1) 1172 (9) 767 (8) 4733 (2) 78 (5) 53 (4) 30 (3) - 15  (4) 13 (3) - 6  (3) 
0(3) 3898 (8) 1958 (6) 3284 (2) 53 (4) 9 (2) 32 (3) - 1 (3) 10 (3) - 3  (2) 
0(4) 163 (8) 2452 (7) 3038 (2) 57 (4) 36 (3) 44 (3) 3 (4) - 9  (3) 14 (3) 
0(5) 207 (8) - 1022 (6) 4024 (2) 53 (4) 25 (3) 46 (3) - 15 (3) - 1 (3) 8 (3) 
0(6) -1236 (10) - 1987 (8) 3019 (3) 91 (6) 42 (4) 52 (4) - 17 (4) 3 (4) - 1 5  (4) 
0(7) 5305 (9) -2163 (6) 4544 (2) 81 (5) 15 (3) 47 (3) - 4  (3) - 2 2  (4) 3 (3) 
O(10) 5201 (10) 3989 (7) 4120 (2) 93 (5) 22 (3) 39 (3) 5 (4) - 17 (4) - 2  (3) 
O(12) 4374 (10) 6206 (6) 3655 (2) 108 (6) 16 (3) 47 (4) 3 (4) - 2 4  (4) - 6  (3) 
N(2) 4531 (10) 444 (8) 4336 (3) 45 (5) 23 (4) 35 (4) - 8  (4) - 6  (4) 9 (3) 
O(W) 844 (15) 184 (10) 1310 (4) 121 (8) 54 (5) 138 (7) - 2  (6) - 8  (8) 25 (6) 
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located, and the amide and methyl hydrogens had to 
be placed in most likely positions. Unobserved reflec- 
tions were omitted from the refinement, as were the 
three reflections 101,017, and 039 which had wzlF> 15 

Fig. 1. Conformation of N-acetyl-0c-D-muramic acid. 

electrons. The final difference map contained only ran- 
dom background of + 0.3 eA~ -3. The final atomic co- 
ordinates [D configuration at C(5)] and temperature 
factors are given in Tables 3 and 4, and observed and 
calculated structure factors (excluding water hydro- 
gens) are shown in Table 5. 

Table 4. Fractional coordinates (× 10 3) of hydrogen 
atoms and isotropic temperature factor coefficients 

( × 1 0 3 )  

T= exp ( - 8n z U sin 2 0/2 z) . 
x y z U 

H(CI) 217 840 465 33 
H(C2) 333 907 370 30 
H(C3) 210 230 393 26 
H(C4) 143 27 295 36 
H(C5) 97 597 111 38 
HI(C6) 283 433 130 33 
H2(C6) 240 527 200 33 
HI(C8) 160 517 470 38 
H2(C8) 233 467 7 38 
H3(C8) 200 377 500 38 
H(C9) 287 417 306 29 
HI(Cll) 387 833 210 43 
H2(CI 1) 410 960 239 43 
H3(CI 1) 507 800 260 43 
H(O 12) 510 673 404 49 
H(O1) 63 17 501 44 
H(O4) 27 300 267 46 
H(O6) 127 233 178 52 
H(N2) 483 150 425 27 

Fig. 2. Stereoscopic view of molecule. The ellipsoids are drawn 
at the 50% probability level using a program of Johnson 
(1965). Hydrogen atoms are not shown. 

Discussion 

The molecule, and the atom numbering scheme used 
here, are shown in Fig. 1 ; a stereoview is given in Fig. 2. 

Glucopyranose ring 
The glucopyranose ring has the chair (4C1) conforma- 

tion. Torsion angles involving the ring atoms are given 
in Table 6 and are compared with those calculated by 
us for the related molecule N-acetyl-~-D-glucosamine" 
N A G  (Johnson, 1966). Torsion angles range from 
49.5 to 62.0 ° in N A M  and from 53.3 to 63.8 ° in NAG. 
A smaller range of 55-8 to 61-7 ° is expected for an 
'ideal' sugar ring (Kim & Jeffrey, 1967). The rather 
small C(4)-C(5) torsion angle in N A M  is the result of 
either the participation of the hydroxyl groups on C(4) 
and C(6) in strong hydrogen bonding or the accom- 
modation of the ring to stresses resulting from an in- 
ternal hydrogen bond between acetyl and lactyl groups. 
Torsion angles on the C(4)C(5) half of the N A M  chair 
are generally somewhat smaller than the correspond- 
ing angles on the C(1)C(2) half. Nevertheless, the co- 
ordinates of the six ring atoms are within 0.10 /~ of 
the standard coordinates proposed by Ramachandran,  
Ramakrishnan & Sasisekharan (1963) for a pyranose 
ring (Table 7). 

Bond distances and angles in the ring are given in 
Table 8. None of the four C-C bonds in N A M  differs 
significantly from the mean value of 1.527 +0.012/~,  

A C 30B - 8 
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Table  5. Observed and calculated structure factors  ( × 1 O) 
Reflections marked * were omitted from refinement. 

O.9~L 16 60 -  61 l * 2 * k  11 106 106 216o~ $*OeL 18 , 6  4k  ~ 9B 84 1 90 90 ~ 79 93 6 91  92  6 ~5 *  31 
IT  *e*  1• 11 l * z  t ~  1•  110 1 0 ,  "2  ? •  0 1 ,8  ] so  76 7 ,  , , 7  s7  • 69*  15 

1 63 70 18 60 6 •  0 142 360 10 14* l ,  60 *9 1 187 2 1 ,  16 I l l  12•  10 I n s  18? 4 113 119 8 63*  , ?  

, 6  33 20 30* | ,  31 .  32 1C0 ]87 21 117 143 326 332 , l  32 12 116 lo?  1 1 ,4  136 10 56* 23 
, 47e 13 z l  3 l e  33 3 553 44•  7 4?* , 4  21 66 , 9  4 2 ,3  231 13 162 1 ,9  13 64* 4~ 1 4 ,  69 0 101 119 1 246 2 3 •  11 60 e ~ 
, 47 *  ? 22 72 90 4 638 3~ '  6 ? '  80 20 66e )3  3 , 00  ' 02  12 30 • 39 14 66 e , 2 91 95 1 69e  43 0 49 5 ,  12 60  ° 

67* 51 31* B 6 331 308 4 I l l  203 IR 111 111 320 349 10 116 l lO 16 1 42 4 213 211 187 101 6* I .L  14 54 e 15 

7G* S3 26 l ? l  111 8 130 223 149 l 16 238 2 ~ 242 231 8 4 39 18 51 • 20  178 171 3 , ] e  2 0 5 •0  3 ,  • : , eL  

O.8*L 0921k lO ? 83 43• 21 264 241 I I  18, 201 6 212 193 20 ,1 65 . 4 91 7 192 191 2 l ~  151 I I  ' 3  • 
I I  200 201 l~ 160 13B 12 157 I73 3 I~3 1~  q 128 I , I  8 92 90 3 •2 10 59 • 

4 S I •  3* 26 13 1 2 '  109 I I  180 161 1~ 129 131 3 196 180 I I  91 9? lO 62Q 44 S , 1  ' 3  6 3 e  21 
13 69 6~ 23 540 40 I ,  174 1 •2  0 69 *  26 10 26~ 233 IS 46 •  62 2 13 8~ 12 38 34 12 53 *  1 ] l  62 67 b 34 64  ? 69  • 36  

11 50* 26 3 6~ ? 16 117 I 133 13 ~ 347 302 17 , 9 •  16 20 71•  46 4 98 13 70• 6 . 68 7 ,  , 65*  30 
10 164 175 1 l  62 •  ] 0  17 163 166 3 38 *  , ?  ? 2O l  183 18 200 ~10 19 102 102 1 ,  , 3  ? .  14 76 81 9 93 95 4 , 2 •  29 

9 6 3 "  22  21 32" )3 ]~ 77 86 ~ IS?  166 6 242 220 ]9 ~9 ?9 ~*6.L lS , 1 "  ~9 ]~ 113 116 13 ' 2 *  41 lO 3~e 32 3 9 , *  67 
8 182 183 10 103 126 9 121 111 ~ 58 *  49 5 16~ L~ r 20 122 140 17 64 69 S1 • 1~ 11 , • *  ' 6  2 S l  • 
? 123 lob 1~ 113 141 20 115 127 6 10~ 101 ~ 226 193 21 04 e l  0 213 264 16 60 80 10 6 ? •  4 S * ? . t  12 91 94 ~ 37 98 
6 48* 3~ 18 390 32 21 80 91 • 83 80 3 131 162 22 81 103 l 39 • 66 13 98 102 19 ,6 46 13 58 34 ?7 07 

108 113 16 $5" 6 '  60* 4 1 62 104 ~4 51" l?  3 14? 134 11 109 1 l l  I I  ' 1 "  23 lO 61 61 lb  •3  8 l  • . 6 e L  
3 166 193 15 46 *  49 ~4 67 64 10 36 31 0 ?6 9] ~3 39 •  1~ ~ 123 113 12 ?3 93 22 ' , e  1 9 58 "  19 16 71 •  18 

~4 ?8 3 171 17! 26 72 3 12 S2 80 2.3.L 6 169 161 10 ~7" 12 8? ? 18 $I*  1 I 60* 1 
0 76 1 l  118 119 l ?  ~7 84 13 fZ *  17 3 * I LL  7 138 ]6 f l  9 77 83 311 . t  6 52 *  29 19 80 , ,  2 63 -  21 

11 119 108 14 , 1 .  13 ~ 15~ 171 8 36 .  36 8 131 112 ~ 72 .  , ~  10 67" 38 3 ? .  83 
O*7*k  10 89 111 l * 3 . k  13 16 71 239  2 ,9  ~6 67 *  33 9 183 188 ? 99 102 23 S~*  21 4 6B •  ~ 21 ~? •  32 4 • 5 *  37 

9 676 630 2 370 18 23 60 ° 10 10 101 111 6 1 ,8  1 '0  1 2  , 3 "  39 I 13~ 1~3 5 ' 5 •  35 
J , 9 *  23~ ~ • 4~  •29  26 , 4  31 I * 9 *L  3 141 211 24 32 *  3~ 11 149 1 ,8  5 44 *  21 21 ~7 .  17 1 83 102 6 .0 .L  6 S4 33 

199 • t93 l l z  l '  5 ]*  6 ~ ?6 64 2)  137 1~1 l~  110 106 • l O l  L0l 20 5]*  43 ~ S~ 80 

k 5 • 31 779 712 3 62 86 8 63 ' 3  6 336 2B~ 21 163 171 14 61 63 2 80 93 ] '  63 ~ aO 116 107 
, 237 261 4 560 309 22 148 IS9  ? 94 93 ? 1?~ IbE ~ 66 60 l ,  54 *  $2 ] 130 13~ 1? 60*  b 5 ,a *k  19 •6  6b  8 ~9 52 

109 119 98 9 I 10 79 92 $0 • 33 9 219 ] 92  18 149 144 17 73 73 13 64 71 0 $6 "  23 17 60 ° 20  6 69 *  4 
4 "  

,9 0 918 993 18 ? 56 3 85 93 I I  I0~ 103 16 92 109 19 60 39 13 138 14~ 69* 37 IS 90 9 ~ 63 • 38 
10 78 6 1  17 8 l  . 3  2 68 62 1l  23~ 22~ 1~ 160 172 0 5~* 32 12 181 19~ ~ , ~ *  ~ )  1~ 6?* a9  ~ 5 , *  32 
11 12 l  138 O . l * t  16 43 *  ~ ~ , 7  67 13 205 193 14 2~9 258 3 .7 .~  1 4 , 1  11 $0 $9 4 $3 .  39 13 $6 , ~  2 84 68  

4 6 *  1 . 8  770 13 a*Z 1 "9  / eg *~  10 2~ t  139 11 I ~  15~ 1~ * ) •  ~ 111 *Z  63 z *  l za  1 .~  

16 97 1 4 611 60 .  11 1 ,3  139 60 *  36 18 107 113 551 573 3 ~ 67 6 191 Z01 ] 60  50 8 38 34 
17 60* 3 441 433 10 310 27 l  33 ° 58 19 61" 3 ,  , 193 ~8~ 12 92 78 10] 98 ' 178 181 2 52* 16 ? 146 148 0 90 80 

8 381 407 100 271 • 53 36 22 6~* , 416 411 ~ $0o 29 10 I I 137 2 8] 83 3 $2* 20 4 88 78 3 ?0* 33 

21 62•  4 t l  339 3 8 '  ~ 418 3 3 ,  7 1Z 63 2 '  56•  10 211 119 6 9 ,  101 ~3 191 2 6 . 6 . C  ~ 48 • 0 6 S 6 •  12 
12 ~ 19 ,  180 1 270 1~6 ~ •1 •  33 4 89 5 .21k  48* 22 7 71 •  26 20 300 2 "  1~3 ZO~ 

1 .  $30 30 93 1 131 243 3 118 116 16 $~*  41 0 97 112 11 70 .  4 ? .O . t  $3 •  21 
17 6S • 2 '  1 '  48 *  ~ 0 33 34 14 51 "  19 16 S9 48 302 ,L  ~ 99 100 17 153 143 ] 200 186 10 62 *  11 10 6 • •  16 
16 144 136 16 148 I 0 13 94  ~3 2 ,  620  27 17 •  20 .  18 S I *  ** l 82  78 9 7 t *  ~7 ] 72 80  1 !  6Be 26 
| ~  121 111 1• oO 88 1 .4 .~  12 , 1  • 19 24 ?C* 68 ~ 2~2 213 0 116 108 19 64 •  15 3 . 3  ?6 8 61 , 2  2 54" 3 ,  
~4 , 3 0  ~ 2 ,  ~, .~ .~ . : 0 4  90 ~ ,  9? o? 3 ~  326 20 , ?  42 4 ?o . , °3  °6  ~ 4 o .  4~ , , 2 . ~  
13 113  241 19 178 206 0 366 33 •  10 60  • 31 I I  ' 3~  49 1 99 318 .~  11 ' l *  12 ' 110 120 6 87 82 4 88 10 

I1  77 6~ 21 106 106 300 1 •1  6 •  • 20 162 166 4 206  ~0 l  0 55e " 16 23 , 1  7 .  7 34 44 4 I I I  103 6 , 6  6 ,  12 $ l e  16 

9 26 263 23 53 •  31 4 146 192 6 5 •  e Z? 10 l  103 249 i ~6  60 *  2 l  4 . 2 . L  ' ' 64 ?0 ' 2O4 108  1 $3  • 42  

4 9~ . . . . . . . . . .  I . . . .  , 56  11 ' ~  113 7 ~10 10 21 61 80 14 96 ZOO 13 , 16  10 . . . . . .  
3 6 , 7  O.OeL 10 07 90 0 48 6? 12 302 106 12 46 8 117 99 20 70 "  60  13 30 31 0 132 ] 33  ] 4  85 71 ' 3  41 

43 39 26 172 168 12 39 
1 *7 . t  10 234 226 e ] I~  $0 •  1 .  60 76 I ?  * 2? 2 73 •b  16 63 

0 IS0 164 ~ 36" ]3 211 191 o 192 178 15 1 1 2 01 1? 134 130 1 .  3~ 32 3 ]13 | 1 ?  I?  $3" 20  1 ~4 40 
14l  1 ~ ,  116 144 1~7 193 ~ 393 363 16 12 6 '  16 SO* 16 19 31" ~ • 64* 49 18 ' 3 "  20 0 IS, 148 

O.5*L 89 76 13 19? 190 105 131 328 308 17 130 128 l ,  335 ~32 20 36 5 56 72 

1 43 22 16 160 117 17 2~6 2 , ]  90  91 7 ]0  686 19 ] 23  133 3 2 ,0  2 22 61 "  37 7 ] 13  111 

61 43 2 241 222 19 , 6 .  74 , ~ 246 3 319 298 I I  81 3 51" 17 11 1 . 9  109 ~ . 3 . L  b , *  31 17 , 3 *  16 60 I 
. . . . . . . . . . . . . . . . . .  ; :  13• ~ . . . .  : . . . . . . . . . . .  :8  : 58* l l :  1:  . . . . . . . . . . . . . . . . . . . . . . . .  

19 '  182 6 316 326 22 63 75 61 63 0 33 80 4 103 88 0 60 *  17 8 62  43 10 ~9 •  l ?  12 7 ]  62  SO* 13 4 55  4~ 
48 •  6 ~ 96 l  9?9  13 58 .  71 9T 102 13 68 *  ~6 7 61 "  42 ] 0  4 101 13 ?0 , .  13 . •  6 ,  ' 33 *  3O 

8 12 ,  126 100 108 24 8? 96 10 130 132 I . I * L  4 . 8 .L  

: . . . . . . . . . . . . . . . .  i !  . . . . .  6 . . . . . . . . . .  : . . . . . . . . . . . . . . . . . .  , 119 ] 16  ] ?  71 .  30 $ 70 "  32 I I  , 8  • 10 7 70 .  44  
1 111 101 l*O*k 12 61" 0 163 ]?8 9 $4 • 29 4 196 191 ]6 , 2 "  4~ 10 •S  101 8 $1"  20 

3 46" , 1 0  601 13 124 110 1 ,  8 3 410 43~ 23 8°  8~ 6 53* 17 ~ 1 0 '  ~18 13 104 100 ]7 , 0 .  ]0 ? 00 81 11 5?*  25 
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Table 6. A comparison of selected torsion angles in the 
N-acetyl derivatives of muramic acid and glucosamine 

(Johnson, 1966) 

Zero angle is defined with front and rear bond superposed in 
projection down middle bond. Angle is positve if right-handed 
rotation of either front or rear bond is required for their super- 

position. 
Atoms Torsion angle 

NAM NAG 
O(5)C(1)-C(2)C(3) 62.0 ° 53"3 ° 
C(1)C(2)-C(3)C(4) - 59.0 - 59.0 
C(2)C(3)-C(4)C(5) 53.7 63.3 
C(3)C(4) -C(5)0(5) - 49.5 - 63.0 
C(4)C(5)-0(5)C(1) 54.5 63.8 
C(5)O(5)-C(1)C(2) -61.1 -58.6 
N(2)C(2)-C(1)O(1) 60"4 55"3 
N(2)C(2)-C(3)O(3) 60.4 67.3 
O(3)C(3)-C(4)O(4) - 74"3 - 67-1 
O(4)C(4)-C(5)C(6) 74.3 67.8 
O(5)C(5)-C(6)O(6) - 59.1 - 61-2 
C(3)C(2)-N(2)C(7) - 168.3 - 100.5 
C(2)N(2)-C(7)O(7) 6.9 - 27.0 
C(2)C(3)-O(3)C(9) - 145.7 - 
C(3)O(3)-C(9)C(10) 68.6 - 
O(3)C(9)-C(10)O(10) 18.2 - 

Table 7. Transformed coordinates (A) of ring atoms in 
N-acetylmuramic acid compared with standard coor- 
dinates (in parentheses) of  Ramachandran et al. (1963) 

The origin is at C(3), X is along C(3)-C(5), Y is in the plane 
of C(1)C(3)C(5), and Z is normal to XYplane in a right-handed 
system. Estimated errors are 0.01 A and 0.04 A for NAM and 

standard coordinates, respectively. 

C(1) 1.326 (1.34) 2.108 ( 2 . 0 8 )  0.000 ( 0 . 0 0 )  
C(2) 0.064 (0.05) 1-422 ( 1 . 4 4 )  -0.568 (-0.47) 
C(3) 0.000 (0.00) 0.000 ( 0 . 0 0 )  0.000 ( 0 . 0 0 )  
C(4) 1.255 (1.24) - 0.746 ( - 0-76) - 0.395 ( - 0.42) 
C(5) 2.521 (2.50) 0.000 ( 0 . 0 0 )  0.000 ( 0 . 0 0 )  
0(5) 2.464 (2.45) 1.386 ( 1 . 3 3 )  -0.435 (-0.48) 

which is equal to the mean in N A G  and other  sugars 
(Kim & Jeffery, 1967). Equali ty of  ring C - O  distances 
is expected in monosaccharides,  though significant dif- 
ferences are common in ;~-lactones and in glycosides 
in which the C(1)-O(1) bond is axial (Berman, Chu & 
Jeffrey, 1967). In N A M  the two ring C - O  bonds differ 
by 0.04 A, but deviate f rom their mean by only 1.8o.. 
The shorter bond is adjacent to the anomeric  carbon 
C(1), as is the ease in many  glycosides. 

Table 8. Distances (h )  (o- × 103) and angles (°) (o. × 10) in 
N-acetyl-~-D-muramic acid with standard deviations in 

parentheses 
Bond lengths 
C(1)-C(2) 1.543 (12) C(I)--O(1) 1.379 (10) 
C(2)-C(3) 1.533 (11) C(1)--O(5) 1.417 (11) 
C(3)-C(4) 1.513 (12) C(5)--O(5) 1.453 (10) 
C(4)-C(5) 1.520 (13) C(3)--O(3) 1.438 (10) 
C(5)-C(6) 1.503 (14) C(4)--O(4) 1.438 (10) 
C(7)-C(8) 1.448 (13) C(6)--O(6) 1.409 (11) 
C(9)-C(10) 1.532 (1 I) C(7)--O(7) 1.256 (9) 
C(9)-C(11) 1.478 (13) C(9)--O(3) 1.440 (9) 
C(2)-N(2) 1.439 (11) C(10)-O(10) 1.175 (10) 
N(2)-C(7) 1.328 (11) C(I0)-O(12) 1.305 (9) 

Table 8 (cont.) 

Valence angles 
O(5)--C(1)--C(2) 108"5 (6) 
C(1)--C(2)--C(3) 107.9 (7) 
C(2)--C(3)--C(4) 109.1 (6) 
C(3)--C(4)--C(5) 112.4 (7) 
C(4)--C(5)--O(5) 110.9 (8) 
C(5)--O(5)--C(1) I15.2 (6) 

C(3)--O(3)--C(9) 115"7 (6) 
O(3)--C(9)--C(I1) 106.4 (6) 
O(3)--C(9)--C(10) 110.5 (6) 
C(I1)-C(9)--C(10) 111-5 (7) 
C(9)--C(10)-O(10) 124.8 (7) 
C(9)--C(10)-O(12) 110"7 (7) 
O(10)-C(10)-O(12) 124"5 (7) 

C(2)-N(2)-C(7) 125-3 (7) 
C(8)-C(7)-N(2) 118"5 (7) 
C(8)-C(7)-O(7) 120.7 (8) 
N(2)-C(7)-O(7) 120"8 (8) 

O(5)-C(1)-O(1) 113.2 (8) 
O(1)-C(1 )-C(2) 108.3 (7) 
C(1)-C(2)-N(2) 109.7 (6) 
N(2)-C(2)-C(3) 111.5 (6) 
C(2)-C(3)-O(3) 105.4 (7) 
C(4)-C(3)-O(3) 111.6 (6) 
C(3)-C(4)-O(4) 110.0 (6) 
O(4)-C(4)-C(5) 104.4 (7) 
C(4)-C(5)-C(6) 115.4 (7) 
C(6)-C(5)-O(5) 103.3 (7) 
C(5)-C(6)-O(6) 112.6 (8) 

Hydrogen-bond distances and angles with symmetry code 

(i) x y z (iv) - x  ½ + y  ½ - z  
(ii) x - l + y  z (v) - x  - ½ + y  ½ - z  
(iii) - ½ + x  ½ - y  1 - z  

A H O A-H H-O 
N(2) . H. . .O(10 l) 0.91 /~ 2.06/~ 
0(7)  . . . .  H - - O ( 1 2  ti) 1.49 1.15 
O(1) H. • .O(10 m) 0.91 2-18 
0(4) H. .  • 0(6 iv) 0-97 1.79 
O(W) . . . . . . . .  0(4 v) - - 
O(W). • • H - - O ( 6  i') 2.09 0.72 

A-O LA-H-O 
2.96A 172 ° 
2.58 154 
2.81 125 
2.66 147 
2.80 - 
2.79 166 

Valence angles at the carbon atoms in the ring range 
f rom 107.9 to 112.4 ° with a mean of  109.8 °. The angle 
at the ring oxygen 0(5)  is 115.2 °, being 1-2 ° higher than 
in other  glycopyranoses (Ramachandran ,  Ramakr i shna  
& Sasisekharan,  1963; Jeffrey & Rosenstein, 1964), but 
it is equal to the angle at the 0(3)  ether linkage. The 
relative flattening of  the C(4)C(5)O(5) side of  the ring, 
as reflected in the valence angles, derives f rom the hy- 
drogen bonding mentioned above which decreases the 
C(4)-C(5) torsion angle. 

Ring substituents 
The molecule observed here is the e anomer.  Co- 

existence in the crystal of  some fl molecules is possible 
if mutaro ta t ion  had occurred in solution prior to crys- 
tallization. In the final Fourier  difference map  the re- 
sidual density near the equatorial  position of  C(1) was 
no higher than other background  peaks. 

Berman, Chu & Jeffrey (1967), in a study o f anomer i c  
bond character  in free sugars, concluded that  anomeric  
bonds are often shortened by about  0.04 A, and that  
in the case of  glycosides with axial anomeric  bonds, 
differences in ring C - O  distances will appear  instead 
of  significant anomeric  shortening. In N A M ,  the ano- 
meric bond length is 1.38 A and is in fact shorter by 5o- 
than the 1.43 A mean of  the four other non-ring C - O  
distances, excluding carboxyl and carbonyl distances. 
The case of  N A M  is then unusual in that  the short  
C(1)-O(1) bond occurs in conjunction with a near in- 
equality of  ring C - O  bond lengths. 

A C 3 0 B  - 8*  
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The bulky substituents at the C(2) and C(3) posi- 
tions, as well as the HO(4) hydroxyl and HO(6) alco- 
hol, occupy uncrowded equatorial positions. Torsion 
angles between bonds to the first atom of each group 
are given in Table 6. The gauche configuration prevails 
around the outside of the ring, with HO(4) involved 
in torsions somewhat larger than 60 ° because of inter- 
molecular hydrogen bonding. 

The trans peptide link in the N-acetyl group deviates 
slightly from planarity by a 7 ° rotation about the N(2)- 
C(7) bond. The non-hydrogen atoms in the group, in- 
eluding C(2), are within 0.05 A of the best least- 
squares plane. The r.m.s, displacement is 0.03 A. The 
considerable inclination of the N-acetyl plane (51 °) 
with respect to the best plane of all six ring atoms re- 
sults from intramolecular hydrogen bonding. In NAG, 
where no internal hydrogen bonding exists, the N-ace- 
tyl plane is more nearly perpendicular (78 °) to the ring 
plane, and the amide N H bonds to the amide carbonyl 
on a neighboring molecule. Bond lengths and angles in 
the peptide group are within 0-02 A and 3 ° of standard 
values (Marsh & Donohue, 1967). The C(7)-CH3 bond 
is 0.06 A shorter, by about 4o-, than usual distances. 
This shortening is not likely to be real, and may be 
due to the thermal or librational motion far from the 
molecular center. 

An intramolecular hydrogen bond exists between the 
N-acetyl and lactyl groups. The planar N-acetyl group 
is turned 168 ° about the C(2)-N(2) bond to a position 
trans to C(3). In this position, the N-H bond is able 
to form the hydrogen bond (2.96 A) with the carbonyl 
oxygen atom O(10) of the lactyl group. The bond is 
formed in spite of the fact that the carbonyl oxygen 
atom must come very near (2.76 A) the ether oxygen 
0(3). Consequently minor angular distortions appear 
at the carboxyl carbon C(10), so that the C-C-O angle 
cis to 0(3) is larger, and the angle trans is smaller, 
than normal values (Marsh & Donohue, 1967). The 
115.7 ° ether angle is unaffected by this repulsion, being 
perpendicular to it, and it is equal to the ether angle 
i'n the ring. The two ether distances C-O(3) are equiv- 
alent. The configuration of the asymmetric carbon C(9) 
in the lactyl group is D, with the D configuration for 
C(5). This finding confirms an earlier C(9) assignment 
based on a chemical study of NAM (Strange & Kent, 
1959). 

The alcohol oxygen 0(6) is gauche to the ring oxy- 
gen O(5), and the corresponding torsion angle along 
the C(5)-C(6) bond is 59 °. Bond distances in the group 
are normal, and the valence angle at C(6) is 112.6 °. 

Comparison with penicillin 
Collins & Richmond (1962), in their comparison of 

CPK models of NAM and benzylpenicillin, showed 
that three oxygen atoms in NAM, viz. O(3), 0(7) and 
O(10), could have the same relative positions as two 
oxygen atoms and the lactam nitrogen atom of penicil- 
lin (Fig. 3). To show the molecule-to-molecule rela- 
tionship, they had to build into their NAM model a 

highly non-planar peptide linkage having the carbonyl 
bond perpendicular to the amide bond. In their model 
the lactyl methyl group is rotated extremely close to 
the axial hydrogen atom on C(3). Their statement that 
this particular NAM conformation is not the most 
stable is confirmed by our finding of a considerably 
less-crowded conformation, described above. 

Differences between their model and the observed 
structure, except for the anomeric OH position, are 
primarily in the torsion angles about N(2)-C(2), 0(3)-  
C(9), and C(9)-C(10), all of which differ by at least 
90 ° from the observed torsion angles. Further, it is 
noteworthy that these side group conformations are 
stabilized by an internal hydrogen bond between the 
adjacent N-acetyl and lactyl groups. Were this bond 
not important, external hydrogen bonding interac- 
tions would be expected as, for example, in the NAG 
structure (Johnson, 1966); NAG has no lactyl substi- 
tuents, but the NH in question bonds instead to C=O 
groups on neighboring molecules. N.m.r. studies are 
planned to see if the NAM hydrogen bond exists in 
solution. Even if the bond is weakened in an aqueous 
environment, other changes must occur in NAM for 
it to resemble penicillin: a rotation of the lactyl group 
to the crowded position of Collins & Richmond's 
model, and a severe 90 ° out-of-plane twist in the N-ace- 
tyl peptide linkage. It may be argued that an enzyme 
on the growing cell wall could bring about these 
changes in NAM, in which case the distorted conforma- 
tion of Collins & Richmond (1962) could be a transi- 
tion-state conformation. Lee (1971) uses a similar ap- 
proach in describing penicillin as an analog of X-D- 
alanyl-o-alanine (see Introduction). Our results show 
that, while penicillin may bear some resemblance to a 
high-energy transition-state conformation of NAM, 
there is little resemblance with the low-energy confor- 
mation observed by us in the hydrated crystal. 

Hydrogen bonding and molecular packing 
In addition to the intramolecular O(10) . . .HN(2)  

bond discussed previously, there exist eight intermo- 
lecular oxygen-oxygen interactions per ntolecule (Fig. 
4 and Table 8). All oxygen atoms of the sugar, except 
the ether oxygens, are involved in at least one inter- 
action < 3.0 A in length. Strong hydrogen bonds (2.58 
A) from the lactyl OH to the N-acetyl C=O link the 
molecules in a row along b. The water molecule assists 
this alignment by bridging between HO(4) and HO(6) 
at 2.8 A. In the e direction moderately strong bonds 
(2"66 A), again involving HO(4) and HO(6), cross-link 
the molecular rows side-by-side. This cross-linking is 
strengthened by a 2.8 A bond from the anomeric O(1) 
hydrogen to a lactyl carbonyl group CO(10). 

Most hydrogen bonds lie in planes generally per- 
pendicular to the a axis. Each molecule bridges be- 
tween two planes of hydrogen bonds: one plane con- 
tains the bond O(1)H.. .O(10) and the bonds between 
HO(4), HO(6), and water, and the other plane con- 
tains the bond O(10). . .  HO(1) and the bonds between 
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*'~0 -~CH3 ,~CH3 
0 z NH~ 

QO~O~ 'o~NH 

H O" "~0 CH 3 
(a) (b) (c) 

Fig. 3. CPK solid models  of  (a) benzylpenicill in (Pitt, 1952), (b) N-acetylmuramic acid as proposed by Collins & Richmond 
(1962), and (c) N-acetylmuramic acid as observed in this study. Schematics of  each model  are also shown. Arrows indicate oxy- 
gen and nitrogen atoms discussed in text. 

[To face p. 370 
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Fig. 4. Crystal structure and hydrogen bonding. 

0(7) and HO(12). This scheme places the pyranose 
ring almost perpendicular to these hydrogen bond 
planes. The sugar-sugar interactions are stronger than 
sugar-water interactions. The water molecule is held 
in position between sugar molecules by only two mod- 
erately strong bonds to HO(4) and HO(6). 

Hydrogen-bonded helices are a common feature in 
several carbohydrate structures (Chu & Jeffrey, 1967), 
and they are present in NAM also. The bonds O(4)H. • • 
0(6) ~ O ( 6 ) H . . - O ( W )  --+ O ( W ) H . . . 0 ( 4 )  --+ O(4)H 
• -. 0(6) form a tight spiral around the unit-cell screw 
axis at x = 0, z = ¼ and at x = ½, z = k with six bonds per 
turn. These spirals extend through the crystal parallel 
to the b axis. The first spiral is right-handed whereas 
the one at z=¼ is left-handed. 

We thank M. Hubbard and L. Diaz for preparing 
the figures. This work was supported by Grant AI- 
10925 from the National Institutes of Health. Corn- 
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