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Four fungi, namely, Rhizopus oryzae ATCC 11145, Mucor plumbeus ATCC 4740, Cunninghamella echinulata
var. elegans ATCC 8688a, and Whetzelinia sclerotiorum ATCC 18687, were subjected to entrapment in
calcium alginate, and the beads derived were used in the biotransformation of the steroids 33,17(3-
dihydroxyandrost-5-ene (1) and 17@-hydroxyandrost-4-en-3-one (2). Incubations performed utilized
beads from two different encapsulated fungi to explore their potential for the production of metabolites

other than those derived from the individual fungi. The investigation showed that steroids from both
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single and crossover transformations were typically produced, some of which were hitherto unreported.
The results indicated that this general technique can be exploited for the production of small libraries of

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The concept of using a number of microorganisms in a single
fermentation vessel for the bioconversion of a single substrate to
multiple products is not new. Unfortunately, such an environment
would lead to inhibitory competition, where either one microor-
ganism prevails whilst the other dies, or the growth of both suffers.
Presumably even if the fermentation were successful, the con-
ditions would not be highly reproducible. Additionally, as each
microorganism has different nutritional requirements, it could be
difficult to find a suitable medium to perform the fermentation [1].
Employing immobilized mycelial cells could avert these problems.
With each microorganism trapped in its own sphere, the possibility
of negative competition would be reduced or eliminated.

Most of the applications of cell immobilization have been
concentrated on monoculture bioconversions. It is, therefore, of
immense interest to explore the potential of mixed cultures. There
have been previous reports of co-immobilized biocatalysts [ 1]. Typ-
ically, the microorganisms employed for such an objective tend to
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be symbiotic. For example, one might be oxygen consuming while
the other is oxygen producing, as in the case of Cephalosporium acre-
monium (an oxygen consuming fungus) and Chlorella pyrenoidosa
(an oxygen producing alga). Both were co-immobilized and used
for the production of cephalosporin C [2]. A similar mixed culture
system was previously used for the production of 3-lactam antibi-
otics [3]. Another study, with entrapped cells of Chlorella vulgaris
and Provedencia sp., as well as Aspergillus nidulans and Proveden-
cia sp., were used produce a-keto acids from amino acids [4]. A
mixed culture-entrapped preparation of Chlorella pyrenoidosa and
Glucanobacter oxydans was employed in the bioconversion of glyc-
erol to dihydroxyacetone, in an effort to study the effects that
co-immobilization with oxygen-producing algae had on the trans-
formation yields [5].

It has been shown that immobilized cell bioconversions par-
allel those of the free cell fermentations to some extent [6,7]. A
progression from this would involve the mixing of beads of immo-
bilized fungus A in water with those of mould B in a single vessel,
followed by feeding of the appropriate substrate. The expectation
was the isolation of additional metabolites that were different from
those obtained from the individual single immobilized cell fermen-
tations. Each of these new metabolites would be the product of
“crossover”; that is, a compound formed when the transformed
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Table 1 Table 2
13C NMR data () for compounds 2a-9a determined in CDCls. 13C NMR data () for compounds 10a-16a and 6 determined in CDCls.
Carbon 2a 3a 4a 5a 6a 7a 8a 9a Carbon 10a 11a 12a 13a 14a 15a 16a 6
1 361 365 366 365 358 355 365 355 1 359 260 318 330 31.9 319 320 357
2 358 275 275 274 339 339 277 339 2 274 244 266 270 266 266 266 339
3 1999 730 731 729 199.4 1987 729 1988 3 722 706 699 704 70.1 703 704  201.0
4 1244 378 375 378 1241 1256 375 1265 4 380 312 359 370 372 370 369 1236
5 1714 1467 1442 1469 1702 1655 1444 166.3 5 166.0 76.7 758 757 759 759 749 1728
6 332 1206 1220 1204 325 381 1219 373 6 1267 727 730 760 749 760 762 328
7 319 676 753  67.1 262 755 749 703 7 201.8 714 716 313 73.0 301 258 262
8 343 356 363 355 386 395 362 382 8 488 366 342 302 356 267 340 387
9 541 431 479 433 467 505 48.1 464 9 444 370 394 480 442 451 382 468
10 390 373 363 375 387 379 367 384 10 386 410 391 403 382 389 389 390
11 209 202 205 199 196 205 204 204 11 200 209 204 703 208 204 195 190
12 370 361 365 309 289 363 311 361 12 279 361 363 435 36.8 380 294 286
13 429 422 427 473 468 431 477 425 13 469 426 428 429 435 427 471 470
14 507 437 498 447 829 492 506 448 14 804 447 443 489 491 530 830 833
15 239 233 245 218 328 253 231 229 15 352 231 231 244 253 717 323 323
16 279 274 275 357 269 276 357 273 16 272 273 273 274 277 383 269 292
17 829 825 822 2203 809 819 2203 822 17 80.5 823 822 816 824 812 810 783
18 124 115 118 131 159 120 136 118 18 161 117 119 128 123 141 161 150
19 178 182 189 182 173 172 190 17.1 19 172 169 165 164 172 164 163 173
OAc 216 212 211 213 213 212 214 211 OAc 212 211 209 212 212 208 211 -
OAc 1716 213 213 214 1712 216 216 212 0Ac 214 211 210 214 213 211 213 -
OAc - 214 215 1704 - 1702 1703 1705 OAc 1702 214 211 215 214 213 214 -
OAc - 1704 1703 1706 - 1711 1709 1712 OAc 1712 1693 214 219 215 213 1700 -
0Ac - 170.7 1709 - - - - - 0Ac - 1709 168.7 170.1 1702 1697 1707 -
OAc - 1713 1711 - - - - - OAc - 1714 1688 1705 1703 1703 1714 -
OAc - - 1705 170.6 1708 1707 - -
OAc - - 1714 1712 1712 1710 - -
congener from one fungus would be used as the substrate by the
second microorganism. This would lead to the production of multi- Table 3
ple compounds. The results of our experiments show this to be the 13C NMR data (3) for compounds 7, 9 and 17-22 determined in CDCl;.
case. In previous work [6,7]. we reported on the use of six encap-
sulated fungi (Rhizopus oryzae, Mucor plumbeus, Cunninghamella Carbon 7 9 17 18 19 0 21 2 =B
echinulata var. elegans, Aspergillus niger, Phanerochaete chrysospo- 1 357 355 371 374 372 374 339 356 354
rium and Whetzelinia sclerotiorum in the transformation of two ; 353 ;3337 ;353 ?;‘59 3354 ;3221 ?3-987 ?;-:2 ?;895
steroidal substrates, 3[3,17B—dlhydroxyandrost—S—ene (1)and 173- 2 1246 1263 1265 1248 1264 1242 1237 126.4 1272
hydroxyandrost—4—er1—3—one (2).In general,itwas observed that the 5 167.5 170.7 167.9 170.1 168.3 173.9 163.7 166.7 166.4
transformations of 1 and 2 by encapsulated A. niger and P. chrysospo- 6 423 412 728 334 730 340 1280 374 410
rium gave modest results. Therefore, only R. oryzae, M. plumbeus, 7 749 675 372 303 381 314 1404 705 67.1
C. echinulata var. elegans and W. sclerotiorum were chosen for the 8 431400 296 346 298 356 376 386 393
: . 9 507 454 537 592 538 59.1 50.7 455 454
crossover experiments. 3[3,173-Dihydroxyandrost-5-ene (1) and 10 380 388 381 400 381 404 361 384 385
17B-hydroxyandrost-4-en-3-one (2) were used as substrates, as 11 206 206 203 687 206 69.5 203 205 20.1
the current work is an extension of earlier studies [6,7]. With four 12 363 362 313 43.0 364 48.0 363 36.0 309
fungi available for crossover, there were six possible permutations 13 435 429 477 480 429 436 438 429 473
with each substrate, giving a total of 12 possible mixed bead fer- 14 499 451509 50.1 506 200 482450 456
! '€, gIving : p 15 263 228 217 217 233 234 230 227 213
mentations. Once it was determined that one could generate new 16 307 299 358 357 305 299 304 304 356
compounds from 1 using four combinations of fungi, only two 17 81.1 813 2205 2184 817 80.8 813 814 2202
mixed bead experiments using 2 as substrate were attempted. 18 1.1 11.0 138 147 111 123 11.0 109 135
Products of transformation derived from 1 were acetylated. This ;)?f\c 173 172 196 184 196 184 163 ;; 17.0
aided in their purification. It also generated compounds that were OAc - _ _ _ _ _ _ 1706 -

readily soluble in CDCl3. Furthermore, comparison of NMR spec-
tra (for structure elucidation purposes) was facilitated when the
biotransformation products from 1 had been derivitized in this way.

2. Experimental
2.1. General procedure

Melting points were obtained using a Reichert Hot Stage
melting point apparatus and are uncorrected. Infrared data was
acquired using a PerkinElmer Fourier transform infrared spec-
trophotometer 1000 using sodium chloride disks. NMR spectra
were obtained on Bruker Avance 200, Bruker Avance 500 and Var-
ian Unity 500 spectrometers. Compounds were analyzed using
CDCl3, unless otherwise stated, with tetramethylsilane as an inter-
nal standard. 13C NMR data for all compounds are reported in
Tables 1-3 . 1D and 2D NMR data for new compounds are
reported in Tables S1-S7 (Supplementary data). 1D and 2D NMR

data for compounds that were not previously fully character-
ized are in Tables S8-S11 (Supplementary data). Optical rotations
were performed using a PerkinElmer 241 MC polarimeter and
solutions were prepared using CH,Cl, unless otherwise stated.
Purifications were done by column chromatography using sil-
ica gel (230-400mesh) as the stationary phase. Additionally,
preparative thin layer chromatography (PLC) glass backed plates
with silica gel (60A, 250 um and 1000 wm thicknesses) were
used. Thin layer chromatographic (TLC) analyses were done using
polyester backed plates. Both the TLC and PLC plates were visu-
alized under ultraviolet light or by spraying with ammonium
molybdate-sulfuric acid or methanol-sulfuric acid reagents. After
spraying the plates were warmed for colour development using a
heat gun. Petrol refers to the petroleum fraction boiling between
60 and 80°. 33-Hydroxyandrost-5-en-17-one (dehydroepiandros-
terone, DHEA) was obtained from Productos Quimicos Naturales,
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