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OFFICE OF THE EDITOR Department of Botany and Plant Pathology
Purdue University
West Lafayette, IN 47907
Carole A. ‘é’? ?_ﬂ;fggg; 3 { 4. Again, there are extremes in how methods are presented. You provide two digrammatic
FAX 317-494-0363 § figures showing the normal versus slow air drying processes. Neither of these figures is needed
TELEX 497430] INTAGPU ¥ _. because your written descriptions in the Materials and Methods are adequate in portraying the steps
of the procedures. On the other hand, you provide no information on other critical pieces of
information, such as length of slow drying, number of times the experiments were repeated, how
viability was actually measured (i.e. how many cells recovered to get a rating of viable), etc.

very elementary and pretty much confined to the figure legends. This is not appropriate; you need
to describe the cells in a sequential order in the text so that the reader can easily make the necessary

comparisons.

T b e B T

February 28, 1994

5. The descriptions of the cell morphologies are inadequate. What are the spine-like
projections at the ends of the cells in Figure 4b? In that figure more than just the cell membrane
appears to be broken. In fact, it is impossible to see a “broken” cell membrane. The cell contents
appear to be disorganized and dispersed in contrast to Figure 1. Furthermore, what do you mean
by cell membrane? Cell membrane can be a general term for all membranes in the cell. Most
botanists would probably use plasma membrane or plasmalemma for the outermost membrane of
the cell. Is that indeed what was broken? How can the reader tell this by looking at the figures?

Dr. Joseph D. Andrade i
Department of Bioengineering |
2480 MEB

University of Utah

Salt Lake City, UT 84112

SRy W

Hr i

Dear Dr. Andrade, i

6. Figures 1, 4, and 6 should be reduced, trimmed and arranged and mounted on a single plate
according to Journal format. A plate of halftones should be no more than 17.2 cm in width (two-

column) or 8.5 cm (one column).

Enclosed are two reviews of your manuscript (#93-196) on “Air drying a biolumi
dinoflagellate (Pyrocystis lunula): feasibility study.l?‘ ; drying a bioluminescent

)
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The reviewers seem to agree that the paper addresses a relevani question. Howev
a number of problems that need to be solved ggfore the paper can be p?xblishcd. Bomcr:\icﬂx:f:ﬁ g
note the potential for toxicity upon drying down as the salinity and/or DMSO is concentrated )
during evaporation. Reviewer #1 indicated that it would have been more reasonable to start with ;
lower concentrations of additives. Additional experiments would be helpful; at the very least, this
potential problem needs to be mentioned. Reviewer #2 cited a number of technical problems and
called for more in-depth explanation of methods. I also read the manuscript (my comments are in
blue; red on the cover sheet) and found a number of concerns that must be satisfactorily addressed:

7. A number of additional questions and inconsistencies are marked on the manuscript.

T

In summary, this paper needs a major rehaul before it can be published. There is no question

i that the subject is an important one. The storage and availability of viable cells for teaching and

v o research would be a significant contribution. But, the premise on which you base viability is only
3 §iiz weakly supported (observation of bioluminescence) if you do not describe how you established the
quantitative criteria for viability. Was bioluminescence in only one cell sufficient to deem the
culture viable? In 50% of cells? In 70% of cells? In addition, the paper needs to be greatly
trimmed; speculation regarding mechanisms needs to be eliminated or greatly reduced so that it
clarifies rather than muddies the water. You do not need filler. The manuscript can be very short
(published in NOTE format) and still be a significant contribution. Your findings as presently

1. Please use Journal of Phycology format throughout; use a recent issue as a guide.

2. There is a range of extremes in how some aspects are handled. Part of this ma
from an unfamiliarity with how algal research is conu!iifnicatcd. At one extreme is the gcignmgﬁon
of dinoflagellates on page 3. The vast majority of readers know what dinos are. This sort of
description would be appropriate if you were writing something general for student use, but not for
professionals. On the other hand, your description of some of the possible reasons for your
results (e.g. on page 6) is much too detailed for the evidence at hand. Your results are fairly
simple observations; they were not conducted at the molecular/cellular levels. Therefore
§peculat10_n abopt phase transitions, lipid reorganization, and the like are out of place and
inappropriate without better reasons for making the linkage. Some general statements mi ght be in

gr:i]egd but without adequate justification and relevance to the actual results, such detail must be
eleted. ' ‘

3. You may have felt obliged to add the detail on mechanism
; > _ ad s to fill out the paper, because
very little of the text Is spent in describing your actual results. Virtually nothing Fi)s g;id about
Figure 5, which contains most of the data for the paper. Your description of cell morphologies is

ké( A PUBLICATION OF THE
;*‘m\ PHYCOLOGICAL SOCIETY OF AM ERICA

configured do not merit a long document. Figures can be deleted. The reviewers’ comments need
to be addressed.

_ If you choose to continue here, please return the enclosed blue-marked copy, a revised
original plus one copy, the original figures, and your responses to the reviewers’ comments, point
by point, at your earliest convenience. I will read the revision and determine at that time whether it

is acceptable for publication.

If you would like to submit a color or black and white photo for consideration as a Journal
cover, please see the enclosed form.

You still have much work to do, but the result should be a much stronger contribution to the
literature.

JSincerely,

Carole A. Lembi
Editor
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If you are interested in submitting a photograph for consideration for the cover of the Journal
in the issue in which your manuscript will appear, please send a 5 X 7 inch (12.7 X 17.8 cm) or
square color (or black and white if more appropriate) print mounted on stiff white paper or board
(no larger than 8.5 X 11 inches). Include a brief legend of one to three lines on a separate sheet.

The print should not duplicate any figure in your manuscript but should add to or complement
your article. .

If your print is not chosen for the cover of the Journal, please consider the following. The
Board of Trustees of the Endowment Fund for the Society is interested in using prints of
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Air Drying a Bioluminescent Dinoflagellate (Min and Andrade)

This is a reasonable paper with a reasonable objective, though
without very positive results. The commentary on mechanistic
considerations is particularly good, but certain basic points seem
to have escaped the authors. They should consider the following
questions, perhaps in their discussion of future directions for any
follow-up work.

» I8 Direct exposure of their cells to high concentrations of
additive may induce unnecessary osmotic injury. For example, it
would be less damaging to expose cells to 1 M DMSO by first
treating them with 0.25 M DMSO and then transferring them into 1 M
DMSO.

2. However, since the objective of their research is to dry the
cells, the logic of using an agent like DMSO at a concentration
like 1 M seems faulty. If the volume of water in the solution is
reduced by evaporation, such that the final liquid volume is
brought to 10% of the initial liquid wvolume, then the
concentrations of all dissolved solutes will rise by 10-fold,
including solutes such as DMSO. Thus, 1 M DMSO (about 7% by
volume) would become 10 M (about 70% by volume) after drying, a
presumably fatal concentration. Even 1 M DMSO exposed to cells for
3 days under ordinary conditions, let alone under conditions of
stress such as drying, would be expected to be very toxic. Thus,
0.01 M DMSO might have been a better choice.

3. What is meant by "never allowed to become completely dry"?

4. Bioluminescence and morphology may be reasonable things for
students to observe, but may not represent viability. The ability
of the cells to divide would unequivocally represent viability.

5. "Bound water" is a misnomer: there is no such thing!

6. I do not believe Figure 6 shows cells dividing: the figure
looks to me more like cells that have fused together.

y The authors ought to consider the possibility of genetically
modifying their organisms to allow them to elaborate intracellular
solutes that have been shown to protect against dessication in
organisms that are naturally resistant, or permeabilizing the
organisms to make them take up such solutes.
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Review of the manuscript "Air drving a bioluminiscent dinoflagelate
(Pvrocystis lunula): feasibility study"
(by Min and Andrade, 1994)

This paper deals with a new and simple procedure to preseve viable
microalgae for short periods of time, a very little developed field
in applied phycology. At this regard, the paper may be considered as
a relevant contribution. It also contains a complete set of referen-
ces from which a clear discussion of bioclogical processes occurring
during desication is compiled. There exists however many doubts
respecting to the method used to dry the algae. The main problem that
needs clarification is the following:

Two drying methods are described:

a)-The NORMAL drying, where cultures and solutions are let to dry for
three days.

b)-The SLOW drying, where cultures are filtered through filter papers
and then the solutionn is also filtered.

In case a) the evaporation at room temperature is concentrating both
algae and salts, something that does not happens in b). On rehydra-
tion with new medium in artificial sea water, a very high salinity
may be achieved in a). These salinities must be given in the paper.
In addition , some controls for viability and bioluminiscence should
be also stressed for undryed algae under such salinity conditions.

The specific questions and comments are marked on red on the
manuscript and their corresponding descriptions are listed below.

1) Author’s name has to be given.

2) What happened after three days? How concentrate was the algae
suspension? How was the salinity?

3) As stated above, after rehydration, what salinity was achieved and
how can this affect to viability and bioluminiscence of Pyrocystis
unula?

4) What type of filter paper (cellulose, fiber glass.....)?

5) How long were the algae exposed to the additive solutions. It is
not clearly described whether the additive solutions were also
filtered or not. Anyway, it seems to be difficult to pass through the
filter if they are already blocked by the cells.

6) If wet filter papers were tightly covered, how was the degree of
drying? An estimation of it should be made.

7) What does this means? Please quantify the amount of water and
solute concentration.

8) Absence of viability is very likely to have occurred because the
extended exposure to increasing osmolalities (up to an unknown level
but important to know) during the normal drying system. From the
first paragraph of Results and Discussion a misleading conclusion is
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obtained since only initial additive concentrations are considered
and their build up produced by evaporation is not taken into account.

9) stresses destabilizing.

10) How can DMSO improve trehalose penetration. Please explain
briefly.

11) Not neccesary. Repetitive.

12) Which methods? Please refer.
13) This is a very important fact.
14) Why "seemed" to be toxic?

15) After how long exposure?

16) In Fig. 5, the recoveries shown for all additive combinations
tested are not quantified. Thus, this Figure is of poor usefulness
since the relevance of the method is going to relay on significant
recoveries. Many authors state 50% as the minimum recovery to
consider the method suitable. It is essential to know percentage |

recovery after rehydration.

How many replicates did exist per treatment in Fig. 5?
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/4/ marine bioluminescent dinoflagellate %mmw%

normal and slow a?rﬁdr;rngprocesses We have’used the@m Pf{,alff

@trehalose sucrose, polyethylene glycol (PEG), and dimethyl
sulphoxide (DMSOQ) to attempt to minimize desiccation damage. The
{AO o normal air drying process produced highly altered cells with no
! . bioluminescence after rehydration. Slow air drying produced more
| positive results)a dwr;gm‘ra‘res in 0.1M DMSO, 1% PEG, and 5% PEG
survived up{to 3 days after drying as assayed by rehydration and
bioluminescence. We believe it is possible to further develop an air

drying process for these organisms.

Les
Key words: air drying, bioluminescenf, desiccation, dimethyl

sulphoxide, Wpolyethylene glycol, trehalose
A , |
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INTRODUCTION
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The preservation of cells, plants, animals, and foods has been

studied for a long time. The two most common storage methods are

drying and freezing. The common drying methods are air drying,

vacuum drying and freeze drying. 'Fhefe—-fe—ﬁow—gfowrﬁg/_!merest in

Beocak
air drymg ecause it is cheaper and simpler than the other dry

processes.

Certain plants, like the desert Selaginella lepidophylla

W T B e S PR

(resurrection plant), are able to dry out completely during summer

\)ﬂ’“ ) droughtsgf/nd then come back to life upon rehydration without
—FD \‘\D\\ apparent damage ,()*)/Other examples of desiccation tolerance

Ro include pollen, ferns, mo i
| a7 cns p _. : sses, yeasts, tardigrades, and algae (2).

e T e A

\cﬁD‘ \Such organisms oenera!ly contain large amounts of trehalose, fé’wo—

) ,

?o?”l A A" \disaccharide of giucose Q/T/Trehalose synthesis and accumulation
rev/e:

{(o q},} appﬂr&ntiy%d%uccahoo damage (1, 3, 12, 16, 19, 21, 22, 23).

/Other protectants against desiccation include sucrose, polyethylene

i glycol (PEG), and dimethyl sulphoxide (DMSOQ). Those chemicals are

also well known as cryoprotectants (4.5, G, 15).

Sucrose is commonly found in seed embryos and is a common

cell osmolyte in many unicellular algae, certain salt-tolerant
plants, and many insects (2..7). PEG is a good cryoprotectam for Uﬁoﬁf

/L-/
some protemsO and Was maore mhlbltory to yeast growth than was Fo

“sucrose at a similar water activity’ 6. 6, 9) As aqueous solutions of ijnr.

PEG are hospitable to living cells, it is often utilized in tissue B

culture media and for organ preservation (27).

DMSO is used as a penetrating additive because it penetrates
membranes and enters both plant and animal cells (4, 14). Morris
found that using an additive with a high permeability is not as
damaging on an osmotic basis as one with lower permeability (14).

We studied the combination of trehalose and DMSO, hoping that
Such &» Hehalose ?
ih—e)—normally impermeant penetrating additfvesﬂwill be taken up

more rapidly in the presence of DMSO (14).

are single-cell organigms with

ristics, gene

The best additives for air drying depend on the properties of
the organism. We wanted to study the air drying of single-cell
dinoflagellates to hopefully minimize costs involved in the
shipment of such organisms. We have developed dinoflagellate
cultures which provide teachers and students with the experience of
bioluminescence. To accomplish this we have to deliver the
dinoflagellates within 3 days in order to keep the cells alive. Dry

cells which could be easily reconstituted would greatl implify th
| AR
shipping problems. Ir’] Hls The

AAQDL(,,}LL@&& Pyrochy /u,w,o, “2“‘" foo Kpeo f axr
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MATERIALS and METHODS

=y
@ Itte—@;mihageualmmun_thes&e*peﬁmeﬁfs—w-as/Pyrmwu
alny 1IN
lunula F|g1)A I-Izzbaae—Gunlards F/2 culture media conS|sted?of Tt %M

-‘H\\.
L WV|tam|n workmg stock, 1 (l/D major elements, and 1 I/ ,faﬁ'
L @ C‘-LQ?‘W {:d ; :‘a
e "2 Wace metals in artificial sea water (8). The dinoHlagellates- were ¢ 4
_ [2:12 A LD b | *L“"T;';%
aintained at 20 °C with a 42H2htight/dark cyclef g &

Cg},,lhéﬁjﬁormal air drying process is—shews—a—Higure 2%

Wltures were mixed with the additive solutions ancif@

then air dried in an open petri dish at room temperature for 3 days F’j" 2)(

@_.bﬁhe dried cells were rehydrated in culture medium|and evaluated for

growth and bioluminescence activity. The solutions used were 0.1M,
0.5M, and 1M trehalose (Sigma Chem. Co.); 0.1M, 0.5M, and 1M sucrose
(Mallinckrodt Specialty Chem. Co.); 1%, 5%, and 10% PEG (average
%I. wt.=3400, Sigma Chem. Co.); and 0.1M, 0.5M, and 1M DMSO
(Mallinckrodt Specialty Chem. Co.). We used culture media as an

aqueous buffer for the solutions.

—~ },/ : : . : ) =
he slow air drying process he cultures
T rying p 5 x

. . 3
were first concentrated on filter pap /'1{ The filtration step was

‘ fa_, e celd pumbers.
repeated several times to obtain h@h-ameuﬁés—e-f_dmoﬂﬂa@am%—

The additive solutions were poured slowly onto the dinoflaﬁflates ﬁ!—
on the filter paper, t%js bringing the dinoflagellates into contact
] W?

with the (removing/the excess solution,

solutions’ er completely (

dried slowly/in a as!

the_I'wet filter paped with dinoflagellates was

Lpetri dish covered tightly with plastic wrap’for the desired time at W(u;ur )
"-"’/F-\-—-—h-_-\:.-‘-"__'__ A -

¢ W
room temperature. The same light cycle was maintained throughout +‘"

PR AT o8

the “drying" process. {The cells were never allowed to becomg_{
@ﬁmpletely drﬂ After storage, the partially dried dinoflagellates on

he filter paper were rehydrated in culture media. The solutions 8‘*“*"-7

e
used are the same as for normal air drying.
The resuspended cells were evaluated by their bioluminescence

;( activity-and by st-ﬁﬁ/gkl- morphology under the optical microscope.
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RESULTS and DISCUSSION

ol
The normal air drying progess (Fig.2) produced wess
W B

cells with no biocluminescence +H—aﬂ4y‘~—+3§—t-h-e——s-e=l=u#eaas after
zﬁed /«f

None 4 e addctdles il e ¢
rehydratlonA heeraholeg : shew

After drying for 2 days in 0.1M trehalose, the cells had

: o d N
shrunk (Fig. 4[/{Q:Alse—m—rhe—me—c‘f—m-bj’2 days in 0.1M

trehalose mixed wrth 0.1M DMSO,
‘{-? i)(?'_ bf‘?["" imilar reo s Gotre b frimed
(Fig.4 {/ ith the higher concentrations of trehalose and trehalose

mixed with DMSO, and the solutions of sucrose, PEG and DMSO, we—=

Water is_a key component in maintainifg the structure of

membranes, nucleic and proteins , 12). The three-

we—can-see—breker cell membranes OfFGWGQ

stabilization of the hydrygen nding between water and _—
&
macromolecules (1, 11). Menppdnes also depend on this complex l”’ MJ-'"J

very important in esiccation. The preservation of

ion, which occur during

rink (Fig.4(a)).

unbaiance/dﬁ‘;a to changes in solute concentr
drying ? 4).

@ Two malorpstress \skestabilizegémembrane properties during
de icoa

ase transitions (3).' When water is

The cells often tend to fold and

siccation are fusuon and lipi

removed,

-
the packing of thie polar

ead groups in the membranes
N
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tightens, which leads to\ an increase

In the phase transition

temperature (3, 5, 23). This nsition induces the lipids to

reorganize, which leads to the\destruction of the membrane-layer

geometry. Lipid reorganizati s to leakage during desiccation

and rehydration. This legkage is dus to an increased membrane

permeability in the y cell, caused Yy a shift in membrane

phospholipids from/a lamellar phase at hi water activities to a

16).

hexagonal phase”at lower water activities (3, 12

Non-reducing disaccharides, such as sucrose and trehalose, can
maintain membrane structures}/because these sugar molecules
replace structural surface-bound water and also prevent phase
transitions in the lipid bilayer (3, 5).

However, we did not have

successful results when using these disaccharides, for several
possible reasons.

First, trehalose is effective only when the disaccharide can be
taken up by the cells (4, 13). If sugar molecules can not enter the
cell, these molecules can not prevent the changes in membrane

structure due to metabolic unbalance and water loss. We selected

DMSO as a possible solution to the penetration problem.

}Unfortunately there was not much difference with or without DMSO.

®

Plant cells, unlike animal cells, have rigid cell wa%-g;ﬁ;\

plant cell is therefore altered by large hydrostatic pressures,

important for the movement of water and solutes into and out of the

cell. For usual physiological conditions, a positive hydrostatic

pressure exists inside a plant cell. The existence of the internal

hydrostatic pressure leads to stresses in its cell wall. By adjusting

the solute concentration in an external solution, the internal /
o U -
R Pre lwov’& L,J, io[o) (; s
o 18 Py P )z o s

ont 1[\? uAs ol e
sy P‘Zﬂju A. \nrcﬁfi&f I n.‘g‘,"“em _|3 jf;rfbifﬂa




hydrostatic pressure can be reduced. The volume of the membrane-
R {3) edar

bounded body changes in response to variations in the osmotic

pressure of the external solution. This is a consequence of the

properties of membranes, which generally allow water to move

readily across them, at the same time restricting the passage of

If the osmotic pressure of the

certain solutes, such as trehalose.

xternal solution were increased even further,
@ water would flow out of the cell (26).

trehalose can be toxic to many plants (7, 11).

a greater amount of

Second,

Me found that after keeping dinoflagellates in 1M trehalose for

.

NS — e

Vol

produced more positive results (Fig.5). = Slower drying may provide

time for a metabolic transformation essential

@&

M’U'Q"b

to survival (2).
Dinoflagellates in 0.1M DMSO, 1% PEG and 5% PEG survived 3 days

after drying; these were the best results. < “{JW
Qﬁe—)/gound water is necessary for the maintenance of

structural integrity (2, 17). DMSO and PEG solutions hold more
DMSO,

water than the other solutions.

which penetrates the

' membrane and enters the cell, may prevent dehydration of the cell

by maintaining tbe)_ifzternal water pressure (4). Morris found the

high molecular weight additive polyvinylpyrollidone(PVP, average

+Hiwo et ? ol. wt.=40,000) did not induce a significant loss of water fr
2 days, most of the dinoflagellates died. However,.‘l@oufd be due { om
: L u%M'F _ ; cells before freezing (14). From his results, we expecy to produce 3!{00’
to an osmotic pressure ec . b
the same behavior with PEG. which has g hi 764/ s
. ' . | | : gh molecular weight_ PEG a
c , xyls will be unavailable which causes
T ' ‘VCB Bl also has an amphiphilic nature, which suggests that itv might ﬂ:"
lnayer—tategrity: ecause of |Its j Yo,©
Interact with cell membranes. PEG-memm i i \
tendency to crystallize, sucrose alone may not provide good bl Urialend . -meMmbrane interactions are re)icdwej
: : v In membrane 21). [ ket
membrane protection for desiccation (7, 11). Thus the choice of degants by o 1 " : (27). The effect of PEG o W
numbers~of molecules Bound '
- replacement addrﬂr\{is iIs a critical factor in air drying. S R = per unit area of cell
holzrect application of Ihe(c!ass cal mﬂthods Which hed been e J_u \X : ‘ d d c rg_ptenshc of this
tomdasc v | = e . J e o/ ¥ interaction (27)
eafred—out with animal cels “and tissues was generally a ot
{Ma{a E (oPQ The other reason is th
unsatisfactory for dinoflagellates. F s The degree of MET bew\»f‘ © Same as in the case of normal air
' ' : loast d vpred P e e
]L@ PFOEMW the proper additives depend on £ e U"'lg;)ﬁ "ZQ’JPE, S0 p S @ pronounced increase in the phase transition
: do & \{ temperature qmeaﬂﬁgq
é;:@ow many__parameters,—involving drying method and conditions, L’D\lyﬁﬂ i\& W tabi’:;‘t (o i phospm“p]d A, S Incraased
at ) i stability But hrgh concentration of DMSQ, such as 1
c.-/*"",; membran&ao__posﬁ:on and geometry. r—“f Grt flaae? D o 05 Ty e e s 1M, was not
[ A= — e{{,u, : ¢ geet; DMS(QY'seemed)to bd toxic) at suc concentrations ln—thecase—of<—
s ‘( Anhydrobiotic Jorganisms must dry slowly in order to survive i
e . : trehalose and sucrose\th were not good— it ©
"$°  (20). We therefore tried a slow air drying process (Fig.3), which = A aoh{ﬁ’ Jes - @
%» kowt net JADLO“ ): e. Haat choice g s Lo Fal dn 7?’@67‘;
SInte Kone 9‘3 Ha add i ves wrBEed | .
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AIR/WATER MONOLAYER STUDIES OF BIOLUMINESCENT ENZYMES
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IDept of Materials Science and Engineering and 2Dept of Bicengineering, MEB 2480
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Introduction

There is interest in the development of high-sensitivity enzymatic sensors for
applications in medicine, biotechnology, and environmental science (1). Bioluminescent
enzyme systems, such as bacterial and firefly luciferases, are among the most practical
biosensors. :

Immobilization of enzyme on solid supports is a key feature of many enzyme
biosensors, allowing the use of minimum amounts of enzyme while providing for rapid
response times.

The study of enzymes at interfaces is important for immobilization, because the
films are often prepared by adsorption of enzyme onto the interface, The phenomenan of
adsorption depends on the properties of the enzyme adsorbed and the nature of the
substrate conditions (2, 3).

The air/water interface is a model hydrophobic surface for studying enzyme
adsorption, The phenomenon of adsorption of some enzymes at this interface represents
similarities to that at hydrophobic solid surfaces. Recently it has been of interest to use
monolayers of enzyme at the air/water interface for the fabrication of ultrathin sensor
membranes (4).

We discuss a preliminary study on the behavior of bacterial and firefly luciferases at
the air/water interface with different aqueous phase conditions,

Materials and Methods

Bacteria (V. fischeri) and firefly (Photinus pyralis) luciferases were purchased from
Sigma Chemical Co. Firefly luciferase was not purified further because it was pure as
determined by SDS-PAGE. Bacleria luciferase was purified further by use of a Pharmacia
16/60 Superdex prep grade column and Mono Q HR 10/10 anion exchange column in a
Pharmacia FPLC system. All other reagents were obtained from Sigma Chemical Co,

A Langmuir-Blodgett (LB) film balance (Sybron-Brinkmann, Germany) was used
for monolayer experiments. The film balance trough was 15 cm wide, 70 cm long, and 0.6
cm deep, and the moving barrier speed was 0.02 cm/sec.

Injection of luciferase solutions (bacteria luciferase: 200 ul of 0.16 mg/ml and
firefly luciferase: 50 ul of 1 mg/ml) was done by flowing the solution down & glass rod
(0.5 cm diameter and 10 cm long) at room temperature (Fig. 1). We waited for 1hr before
moving the barrier and compressing the surface film. While moving the barrier, the
surface-area (n-A) isotherm was recorded by a computer connected to the LB film balance.

Tris buffer (pH 7.8) was used for enzyme solutions, Phosphate buffered saline
(PBS, pH 7.4) was used as the aqueous phase, which was also adjusted to 1, 3, and SM

urea for various experiments, All chemicals purchased were used without any further
purification,

Results and Discussion

The two-dimensional m-A isotherm is conceptually analogous to a three-
dimensional pressure - volume (P-V) isotherm. Surface pressure is defined as the
difference between the surface tensions of the clean and monolayer areas. When the area
available to each molecule is much larger than the molecular dimension, the state of
monolayer is “gas”-likes. As the surface area is reduced, the surface pressure become
higher and the system progresses to a “liquid” and then “solid” phase.

Bioluminescence and Chemiluminescence: Fundamentals and Applied Aspects

A. K. Campbell, L. J. Kricka and P. E. Stanley, eds., John Wiley & Sons
(New York, 1994) pp. 494-497.
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Figure 2. The t-A isotherms of as-received Sigma and purified bacteria Iucifcrn‘sc at the airfwater
interface. 200 ul (0.16 mg/ml) was injected onto the interface. Aqueous phase is PBS.
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Figure 3. The nt-A isotherms of purified bacterial luciferase as a I‘}mction of un:a’cnncemrations
(0, 1, and 5M) in the aqueous phase. 200 ul (.16 mg/ml) was injected onlo the interface.
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Enzymes at the interface change their conformations to reduce the interfacial energy,
driven by hydrophobic interactions, which lead to unfolding. The degree of enzyme
conformational change depends on the properties of the enzyme adsorbed, interfacial
energy, and the residence time (5). : ; ; .

Figure 2 shows 1t-A isotherms of as-received Sigma and purified bacteria luciferase
at the air/water interface: surface pressure of as-received material rises at larger surface area
than does the purified material. The as-received Sigma product is 50 % purity - it is clear
that the many other proteins present are very surface active and dominate the rt-A behavior.

Figure 3 shows 1-A isotherms of purified bacteria luciferase as a function of
different urea concentration of substrate: bacteria luciferase apparently unfolds rapidly
when it contacts the high urea concentration of the substrate solution. Substrate condition
is very important for the change of enzyme structure at _lhc air/water mlcrfat;g because the
hydrophobic interaction at this interface depends mainly on water conditions. Water
structure and enzyme molecules themselves are influenced by solute concentration and pH
in aqueous phase. Urea disrupt the usual aqueous hydrogen-bond nelIWOfk by hydrogen
bonding with water; the surface tension of aqueous phase increase with increasing urea
concentration (6). Urea is a common used prolein denaturant; protein unfolding at the
air/water interface is accelerated in the presence of high urea concentrations.

Figure 4 shows m-A isotherms of firefly luciferase according to different urea
concentration in the substrate solution: behavior of this luciferase at the air/water inlerface is
almost the same, regardless of urea concentration. From this figure, we recognize that
lirefly luciferase is largely unfolded at the air/water interface, in contrast to bacterial
lucilerase. : ] ‘

In summary, bacteria luciferase is “hard” protein and firefly luc:ﬁ':ra§c is “soft"
protein, using the terminology of Norde, el al (7, 8), even though they have similar thermal
denaturation lemperatures. \

We need to further investigale the propeties of both luciferases. Some properties of
bolh enzymes are shown in Table 1. The relationships between luciferases and solution
conditions must be studied in order to further understand the behavior of luciferases at
interfaces and thus optimize luciferase activity in biosensors.
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Figure 4. The r-A isothenns of firelly luciferase as a function of different urea concentrations
(U, 1, 3, and 5M) in the agucous phase, 50 ul (1 mg/ml) was injected onto the interface,
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Table 1. Propertics of bacterial and firefly luciferases
Bactenia luciferase Firefly Tuciferase

Structure Heterodimer Monomer
Molecular wejght 76 kD 62kD
Isoelectric point * 6.2-6.5
Denaturalion temperature 40C 44 C
Hydrophobic residues (%) * 5 60
Number of disulfide bond 0 0

* sequence analysis In process.
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PRELIMINARY STUDY OF THE OPTIMUM CONDITIONS FOR A
LACTATE SENSOR BASED ON BACTERIAL BIOLUMINESCENCE
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Introduction

The bacterial bioluminescence system can be applied as an enzyme sensor for biochemicals
related to reduced nicotinamide adenine dinucleotide (NADH). A key problem is
completeness of the conversion of reactants to products, because the efficiency of
conversion affects the sensitivity. This problem is especially significant in multiple enzyme
systems since each enzyme may have different optimal conditions. The selection of the
optimal pH value, the effect of reactants and products on the enzyme activities, and the
enzyme concentrations and their ratios are important in the optimization of enzyme Sensors

(1).

A lactate sensor was chosen as a model system because lactate is important in
clinical analysis, food analysis, and sports medicine (2). Lactate monitoring using bacterial
bioluminescence has many advantages, including simplicity and speed. The governing
reactions are:

lactate + NAD" <-eormeeecs pyruvate + NADH + H* (1)
NADH + FMN + H* —-~--> NAD* + FMNH, )
FMNH, + RCHO + 0, > FMN + RCOOH + H,0 + light 3)

where NAD is B-nicotinamide adenine dinucleotide, LDH is lactate dehydrogenase, FMN is
flavin mononucleotide, OR is NADH:FMN oxidoreductase, FMNH, is reduced flavin
mononucleotide, RCHO is decanal, and LF is bacterial luciferase. NADH formation is
catalyzed by LDH. Light is emitted after the serial reactions by OR and LF. The light
intensity is proportional to the rate of NADH formed, which is proportional to lactate
concentration in the solution.

We will discuss optimal conditions for lactate analysis by bacterial bioluminescence
and the interference reactants and products on the reactions.

Materials and Methods

Instrumentation: ~ Bioluminescence was measured using a photon counting
spectrofluorometer (I.S.S. Inc., Champaign, Ill., USA). The unit of light intensity is
relative light units (RLU).

Reagents: All assays were performed in 500 mL solution of 0.1 mol/L phosphate buffer at
room temperature. The final concentrations of NAD (Calbiochem, La Jolla, USA), lactic
acid (Sigma, St, Louis, USA), FMN (Boehringer Mannheim, Indianapolis, USA), and
decanal (Sigma, St. Louis, USA) in the assay are 0.25 mmol/L, 1 mmol/L, 10 umol/L, and
0.001 %, respectively. In the interference experiments, the final concentrations of NAD,
lactic acid, and pyruvate (Sigma, St. Louis, USA) were changed to the desired
concentrations and the final concentration of NADH (Sigma, St. Louis, USA) was 0.1
mmol/L. The concentrations of stock solutions for LDH (Calbiochem, La Jolla, USA), LF
(Sigma, St. Louis, USA), LF (Boehringer Mannheim, Indianapolis, USA ), and OR
(Boehringer Mannheim, Indianapolis, USA ) were 2000 U/mL, 6 mg/mL, 7.5 mU/mL,
and 5 U/mL, respectively. The amounts of the three enzymes were changed in each
experiment. All reagents and enzymes were used without further purification.
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Procedures: All assays were performed by adding reagent mixtures to the cuveties
containing LF, OR, and/or LDH in the different combinations. To test the interference in
the reactions, the pH of reaction mixtures was titrated to 7.0 and 50 pL of Sigma LF stock
solution was applied. Since Sigma LF already contained OR as a minor contaminant, it
was not necessary to add OR. To obtain the optimal pH conditions, 50 UL each of Sigma
LF and LDH stock solutions were added. For determining the optimal amounts of
enzymes, the pH of reaction mixtures was adjusted to 7.6 and stock solutions of
Boehringer LF, OR, and LDH were used.

Results and Discussion : _
Light intensity is dependent on the rates of the reactions in the bioluminescent system (3).
The higher concentrations of reactants and/or higher activity of enzymes give higher light
infensity. At a given concentrations of reactants, the light intensity depends solely on the
enzyme activities. The effects of reactants and products in the serial lactate reactions were
tested. Fig. 1 shows the effects of lactate, NAD, and pyruvate on the bioluminescent
system. Although there was slight inhibition, it was not critical to the bioluminescence
activity within the tested concentration range. Prahl et al. (4) found that a large excess of
lactate, NAD, and pyruvate inhibit LDH activity, and an excess of NAD also inhibits LF
activity. NAD concentration in their experiments was higher than our test range. The
purity of reagents seemed to be important for these tests. The slight increase of‘ light
intensity at higher concentration of NAD and lactate was probably due to the impurity of
NADH.
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Figure 1. The effects of lactate, NAD, and pyruvate on the activity of the bioluminescent reactions. The
reaction mixtures (pH 7.0) contain 0.1 mmol/L NADH, 10 pmol/L FMN, 0.001 % decanal, and 50 pL

Sigma LF (6 mg/mL).

The optimum pH of bacterial bioluminescent reactions is known to be 7.0 and the
reaction is inhibited at pH above 8.0 (5). However, the optimal pH of LDH reaction in the
direction of NADH formation is 9.0-9.6 (6). The consumption of newly formed NADH n
the LDH reaction by the other bioluminescent reactions allows sub-optimal pH conditions
to be used, so the sensor can operate at pH below 8.0. An optimum pH of 7.6 was
determined for the lactate sensor (Fig. 2). At pH below 7.6, NADH formation is likely
inhibited; bioluminescent reactions may be inhibited at pH above 7.6. Prahl et al. (4) chose
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Figure 2. Light output as a function of pH in the lactate sensor. The reaction mixtures contain 1 mmol/L
lactate, 0.25 mmol/L NAD, 10 umol/L FMN, 0.001 % decanal, 50 pL (100 U) LDH, and 50 uL Sigma
LF (6 mg/mL).

a pH of 7.4 for these reactions.

Low enzyme amounts result in a small dynamic range. Very high enzyme amounts
are not economical for measuring low reactant concentrations. An optimum amount of
enzyme for a given measurement range is important. Fig. 3 shows the effect of enzyme
amount on light intensity. With 15 uL (75 mU) OR and 50 pL (100 U) LDH, saturation of
light output occurred above 35 pL (0.26 mU) LF for 1 mmol/L lactate. The OR and LDH
amounts used were experimentally determined from a set of optimizing experiments using 1

19000
1 mmol/L lactate
17000
15000 T
13000 1 +
11000 +
9000

7000 7

Light intensity (RLU)

5000 :
10 15 20 25 30 35 40

Luciferase, ul

Figure 3. The effects of enzyme amounts on the light intensity in the bioluminescent lactate sensor. The
reaction mixtures (pH 7.6) contain 1 mmol/L lactate, 0.25 mmol/L NAD, 10 umolfL FMN, 0.001 %
decanal, 50 pL (100 U) LDH, and 15 pL (75 mU) OR.
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mmol/L lactate. With 75 mU OR and 0.26 mU LF, the light intensity did not change until
10 U LDH. Thus, the optimal ratio of LDH, OR, and LF was 10 U:75 mU:0.26 mU for 1
mmol/L lactate.

In summary, the inhibition effects of lactate, NAD, and pyruvate on the
bioluminescent reactions were not critical. The optimum conditions for a lactate sensor
based on bacterial bioluminescence (1 mmol/L lactate) were 10 U LDH, 75 mU OR, and
0.26 mU LF at pH 7.6.

This study is useful for the design of bioluminescent lactate sensors having
different substrate ranges. The optimum enzyme amounts may depend on the lactate
concentration to be measured.
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The behavior of the model proteins, lysozyme, myoglobin, and
[-casein, pretreated in urea and/or dithiothreitol, at air/solution
interfaces was studied by surface pressure—area techniques. The
data suggested that in the absence of pretreatments the globular
proteins are only partially unfolded at the interfaces. The interfa-
cial activity was enhanced by the pretreatment (lysozyme in 8 M
urea with 0.2 M dithiothreitol and myoglobin in 8 M urea). The
interfacial activity of casein, a random-coil type protein, was not
influenced by the pretreatment (8 M urea), as it readily and com-
pletely unfolds at the interfaces. The unfolding of globular proteins
at the interfaces is apparently restricted by both disulfide and
noncovalent bonds. Pretreatment can relax those restrictions, re-
sulting in more complete interfacial unfolding. ®© 1998 Academic Press

Key Words: lysozyme; myoglobin; casein; pressure—area; mono-
layer; urea; dithiothreitol.

INTRODUCTION

The behavior of proteins at air/fluid interfaces have been
studied for many years (1, 2). Protein monolayers at inter-
faces have received much attention in the food and pharma-
cology industries (3, 4). Study of protein monolayers is also
important for understanding the native structure and stability
of proteins (5).

Proteins at air/fluid interfaces are usually denatured or
unfolded because interfacial interactions are generally
stronger than the cohesive interactions within the protein
molecule (6). The degree of unfolding and time taken to
unfold at the interface depend on protein structure and on
its polar—nonpolar character, which are determined by the
amino acid composition: proteins with a relatively higher
nonpolar character and a relatively random structure tend to
experience higher degrees of unfolding at air/water inter-
faces, producing the denatured state more quickly than pro-
teins with more polar character (7, 8).

Many studies have dealt with the role of structure in the
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unfolding of protein at interfaces. Evans et al. (9) suggested
that proteins with only weak forces maintaining the tertiary
structure have a higher probability of unfolding. Krebs er
al. (10) found that the steady state surface activity depends
on the content of nonpolar residues, without regard for the
details of the secondary and tertiary structures. Norde et al.
(11) discussed the structural rearrangements of a protein at
the interfaces in terms of its structural stability in solution,
its ‘“‘softness™ or ‘‘hardness’’; a soft protein rearranges or
denatures more easily than a hard protein. Andrade et al. (5)
also examined various parameters correlating the behavior of
proteins at interfaces and in solution, including denaturation
temperature, number of disulfide bonds, molecular weight,
and percent of nonpolar residues.

Many different types of interactions, including hydrogen
bonding, electrostatic bonding, disulfide bonds, hydrophobic
bonding, and dispersion forces, contribute to protein stability
(12, 13). The rearrangement or unfolding of proteins at
interfaces can be accelerated by removing the covalent and/
or noncovalent bonds which restrict conformational changes.
Urea, a denaturing agent, and dithiothreitol (DTT), a reduc-
ing agent, tend to accelerate the unfolding of proteins at
interfaces by disrupting most of the noncovalent bonds and
reducing the disulfide bonds, respectively (14, 15).

In this paper the interfacial behaviors of three model pro-
teins, lysozyme, myoglobin, and S-casein, at the air/solution
interface, as a function of urea and/or DTT pretreatments
of the proteins, are reported and discussed in relation to their
characteristics.

MATERIALS AND METHODS

Materials

Lysozyme (hen egg white, M = 14 kDa, Boehringer
Mannheim), myoglobin (horse heart, M = 18 kDa, Sigma),
and B-casein (bovine milk, M = 24 kDa, Sigma) were used
without any further purification.

Phosphate buffer (10 mM PBS, pH 7.4) was made from
phosphate-buffered saline tablets (Sigma). Urea (Mallinck-
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rodt) and DTT (Aldrich) were also used without any further
purification.

Methods

PBS buffer was used for all protein solutions and subphase
solutions, Protein solution concentrations were measured by
UV absorbance at 280 nm. Protein solutions were also pre-
pared containing urea and/or DTT.

The Langmuir—Blodgett (LB ) balance (SYBRON-Brink-
mann, Germany ) used consists of a trough 15 cm wide, 70
cm long, and 0.6 cm deep, with a barrier speed of 0.02 cm/
s. The various protein solutions (200 ul of 1 mg/ml lyso-
zyme, 200 ul of 1 mg/ml myoglobin, and 200 ul of 0.1 mg/
ml [-casein) were allowed to flow down a glass rod (0.5
cm diameter and 10 cm long) at room temperature. The
protein solution was layered and spread along the air/solu-
tion interface; some entered into the subphase. One hour or
more was allowed to reach a ‘‘steady-state’” of the protein
state at the interface before moving the barrier and compress-
ing the surface film. The surface pressurc—area isotherms
were obtained via computer control of the LB balance. Area
is the cross-sectional area of the trough.

RESULTS AND DISCUSSION

Globular proteins of amphiphilic character unfold at the
air/solution interface, driven mainly by the hydrophobic in-
teractions (3, 6, 16). Depending on its conformational stabil-
ity (its “*hardness’’ or ‘‘softness’’), the protein conforma-
tionally adapts at the interface to minimize the interfacial
tension (11, 16). Such conformational adaptation is a strong
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FIG. 1. Surface pressure-area plots for native lysozyme. The solution

(200 pl of 1 mg/ml) was spread onto the interface, Lysozyme at the
interface reached a “‘stcady-state’ after 3 hours. The solution and the
subphase were PBS.
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FIG. 2. Surface pressure-area plots for native myoglobin. The solution
(200 pl of | mg/ml) was spread onto the interface. Myoglobin at the
interface reached a “‘steady-state’” within 1 hour. The solution and the
subphase were PBS.

function of the structural parameters, such as molecular size,
hydrophobicity, flexibility, and charge (17).

Lysozyme and myoglobin were selected as model globular
proteins because they have similar dimensions but have
different structural and stability properties. Myoglobin is
“softer’” than lysozyme. As expected, myoglobin shows
higher interfacial activity than lysozyme; the time to reach
“‘steady-state’” of myoglobin at the interface was shorter
and the area occupied by myoglobin was higher than that
for lysozyme at the same surface pressure (Fig. 1 and 2).
Lysozyme at the interface was only slightly unfolded, even
after a long time at the interface, and reached an apparent
“‘steady-state’’ after 3 h, probably because it is relatively
stable due to the disulfide bonds (Fig. 1). *‘Time’’ means the
elapsed time between spreading and the start of compression.
Myoglobin achieved an apparent ‘‘steady-state’” within 1 h,
probably due to its higher hydrophobicity and flexibility
(Fig. 2). In general, the results obtained agree with those
reported in the literature (9, 18).

The effect of electrostatic interactions between protein
molecules at the interface should also be considered because
both proteins have different isoelectric points (p7 values of
lysozyme and myoglobin are 10.7 and 7.8, respectively).
Spreading of protein molecules on the interface leads to a
monolayer in which the proteins are oriented as well as
conformationally changed. The configuration of the proteins
in the monolayer is expected to be different from the native
state in solution. Graham et al. (28 ) found that the adsorption
of lysozyme on a hydrophobic interface, like the air/water
interface, is insensitive to pH in the range 1-12 although
adsorption on a hydrophilic surface is maximal at the pl,
presumably due to electrostatic repulsion, Their work on
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FIG. 3. Surface pressurc-arca plots for native J-casein. The solution
(200 pl of 0.1 mg/ml) was spread onto the interface. Casein at the interface
reached a “‘steady-state’” within 1 hour. The solution and the subphase
were PBS.

lysozyme shows that the protein behavior on the air/water
interface is dominated by hydrophobic interactions. Thus the
electrostatic contributions on protein behavior at the air/
solution interface is neglected here.

Assuming a close-packed monolayer and a cross-sectional
area for both proteins of 9 X 10 cm? (lysozyme, 45 X
30 X 30 A (5): myoglobin, 45 X 35 X 25 A (29)). the
increase of the surface pressure for a given protein concen-
tration (200 pl of 1 mg/ml) is expected to be about 700
cm?. Since the cross-sectional areas of protein at the steady-
state are increased, likely due to the unfolding, the area
occupied by a protein molecule expands, meaning the sur-
face pressure plot should increase above 700 cm®. The re-
sults show that the surface pressure does not increase until
the area is decreased to about 250 and 300 cm® for the
isotherms of lysozyme (3 h) and myoglobin (1 h). respec-
tively, after steady-state was achieved. Our results suggest
that many of the globular proteins at the interface ditfuse
into the subphase.

p-Casein was selected as a model random-coil type pro-
tein. Because of the high molecular size of 5-casein and the
limited size of the trough’s area ( 1050 cm?) a spread solution
concentration of 0.1 mg/ml was used. Casein shows much
higher interfacial activity than the globular proteins (Fig.
3). Assuming a close-packed monolayer and a cross-sec-
tional area of 6.6 X 10 * cm® (radius of gyration = 46 A
(25)), the surface pressure should increase at about 330
cm?, which is what our data shows. Since the dimension of
“‘unfolded’’ random-coil protein may be similar to the native
form, most of the S-casein remained at the interface.

The surface pressure—area isotherms depend on the num-
ber and the dimension of molecules at the interface and thus

relate to the conformational adaptation of proteins. Protein
behavior at the air/solution interface depends on protein
characteristics. Conformational adaptation is a strong func-
tion of protein structure. The interfacial activity of proteins
can be enhanced by decreasing the covalent and noncovalent
bonds which restrict conformational changes. Urea tends to
produce a randomly coiled state by disrupting most of the
noncovalent interactions which stabilize protein structure
(14, 19, 20). Disulfide bonds in lysozyme are reduced and
removed by use of another denaturant, DTT.

Lysozyme pretreated in 8 M urea shows almost the same
surface pressure—area isotherms as native lysozyme (Fig.
4): the time effect and the degree of unfolding are the same.
Lysozyme pretreated in 0.2 M DTT shows no significant
time effect at low surface pressure resulting in the same
unfolding state as native lysozyme (Fig. 5). Lysozyme pre-
treated in 8 M urea with 0.2 M DTT shows no time effect
but a much higher degree of unfolding (Fig. 6). Greater
unfolding of myoglobin is achieved by pretreatment in 8 M
urea (Fig. 7). Myoglobin does not have disulfide bonds, so
a DTT effect was not expected.

Thus unfolding of globular proteins at the air/solution
interface, driven by hydrophobic interactions, is accelerated
by the disruption of noncovalent bonds. If the protein has
disulfide bonds, the disulfide bond is indeed very important
in the interfacial behavior of protein, including time effects
and degree of unfolding. The interfacial activity of such
proteins can be accelerated by decreasing both disulfide and
noncovalent bonds.

Lysozyme did not exhibit much change at the interface
due to pretreatment in 8 M urea or 0.2 M DTT. Pike et
al. (21) found that urea does not significantly affect the
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FIG. 4. Surface pressurc-arca plots for lysozyme pretreated in 8M urea.
The solution (200 pl of 1 mg/ml) was spread onto the interface. The
subphase was PBS. These resulls are almost the same as for native lyso-
zyme: the time effect and the degree of unfolding were the same.
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FIG. 5. Surface pressure-area plots for lysozyme pretreated in 0.2M FIG. 7. Surface pressure-area plots for myoglobin pretreated in 8M

DTT. The solution (200 l of 1 mg/ml) was spread onto the interface. The
subphase was PBS. Lysozyme at the interface reached a “*steady-state’”
within 1 hour, but the degree of unfolding was not significantly different
from native lysozyme.

conformation of the crystal structure of lysozyme, even at
high concentrations. Pace (20) also found that urea denatur-
ation does not always lead to complete unfolding. Even
though most of the noncovalent bonds are broken by urea,
conformational changes are restricted by the disulfide bonds.
The literature claims that reduction of disulfide bonds in
proteins results in considerable changes in the configuration
of the polypeptide chain (14, 22). However, such conforma-
tional changes produced by reduction of the disulfide bonds
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FIG. 6. Surface pressure-arcaiplots for lysozyme pretreated in 8M urea
with 0.2M DTT. The solution (200 gl of 1 mg/ml) was spread onto the
interface. The subphase was PBS. Lysozyme at the interface reached a
“steady-state’” within 1 hour, and the degree of unlolding is much higher
than for the other cases.

urea. The solution (200 ul of 1 mg/ml) was spread onto the interface.
The subphase was PBS. The degree of unfolding is higher than for native
myoglobin.

depend on the number and location of the disulfide bonds
broken. Sometimes DTT cannot reduce all the disulfide
bonds in proteins because some are buried in the structure
(23). Many groups (2, 12, 24) think that the unfolding rate
at the interface is mainly dominated by the disulfide bonds.

Lysozyme in 8 M urea may have some noncovalent bonds
disrupted, but all of the disulfide bonds are retained: the
disulfide bonds restrict the conformational change, thus the
time effect and the degree of unfolding are not changed.
Lysozyme in 0.2 M DTT may have some disulfide bonds
reduced but retains most of its noncovalent bonds: although
the reduced disulfide bonds make it easier for conformational
changes to occur, the unfolding is restricted by the noncova-
lant bonds and thus there is little time. However, lysozyme
in 8 M urea with 0.2 M DTT exhibits more unfolding than
in PBS, meaning most of the noncovalent and disulfide bonds
are broken. We hypothesize that the conformational changes
induced by urea facilitate the interactions between DTT and
the disulfide bonds, and the disulfide bonds reduced facilitate
interactions between urea and noncovalant bonds.

The interfacial activity of S-casein was not influenced by
pretreatment with 8 M urea, because this protein has a flexi-
ble, random-coil structure under normal conditions (Fig. 8).
Although the structure of S-casein is not truly random (25,
20), the interfacial activity is not greatly influenced by the
pretreatment. S-Casein was already unfolded at the interface
without pretreatment (1, 9).

Thus, the globular proteins do not totally unfold at the
interface. This result was also obtained by Boyd er al. (27)
who found that globular proteins give interface films which
have a higher interfacial viscosity than those formed by ran-
dom-coil proteins. The increase of interfacial area by pre-
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FIG. 8. Surface pressure-area plots for S-casein pretreated in 8M urea.
The solution (200 pl of 0.1 mg/ml) was spread onto the interface. The
subphase was PBS. The degree of unfolding was not significantly different
from native casein.

treatment relates to the increasing unfolding. The loss of
protein into the subphase was also decreased with increase in
unfolding : more flexible globular proteins, when pretreated,
have a greater chance of unfolding before loss.

SUMMARY

Protein behavior at the air/solution interface has been
studied by pretreatment of protein before spreading. For the
globular proteins, lysozyme and myoglobin, unfolding at the
interface was accelerated by the pretreatments, indicating
that the native globular proteins do not totally unfold at
the interface. Lysozyme in 8 M urea with 0.2 M DTT and
myoglobin in 8 M urea exhibit a higher degree of unfolding
at the interface than native protein. The unfolding of the
random-coil type protein, [S-casein, at the interface is not
influenced by urea, as it is already completely unfolded at
the air/solution interface.

Thus unfolding of globular proteins at the air/solution
interface is restricted by both disulfide and noncovalent
bonds. The unfolding rate of lysozyme is mainly influenced
by its disulfide bonds. The increase of the interfacial area
as a result of the pretreatment relates to increasing unfolding
and decreasing loss into the subphase.
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DEVELOPING A BIOSENSOR FOR L-PHENYLALANINE BASED ON
BACTERIAL BIOLUMINESCENCE
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'Dept. of Materials Science and Engineering, and Dept. of Bivengineering,
University of Utah, Salt Lake City, UT 84112, USA

Introduction .
The determination of L-phenylalanine (Phe), an essential amino acid for mammals, is of
great interest in several fields, including medicine, food science, and biotechnology (1).
The measurement of Phe levels is important in screening for phenylketonuria (PKU), an
inborn error of metabolism, and for monitoring the dietary management of PKU patients
(2). Most Phe measurements, including microbial, fluorimetric, enzymatic, and
chromatographic assays, are performed in centralized laboratories, often resulting in
delays, inconvenience, and significant costs (2)

There is growing interest in self-monitoring and self-treatment of PKU in the home
environment. Self-monitoring of the blood Phe concentration is important so patients can

manage their diets and maintain appropriate Phe levels. There have been efforts at

developing easy-to use assays for Phe (3).

Bacterial bioluminescence is a powerful and sensitive analytical tool. A flow sensor
for Phe using immobilized phenylalanine dehydrogenase (PheDH), FMN:NAD(P)H
oxidoreductase (OR), and bacterial luciferase (LF) was developed based on the following
reactions (4);

PheDH
Phe + NAD' + H,0 <~ > phenylpyruvate + NH, +NADH + H* 1)
OR
NADH + FMN + H" ----—-- > NAD" + FMNH, 2)
LF
FMNH, + RCHO + O, ------ > FMN + RCOOH + H,O + light 3)

where NAD is nicotinamide adenine dinucleotide, NADH is the reduced form of NAD,
FMN is flavin mononucleotide, FMNH, is the reduced form of FMN, and RCHO is long
chain aldehyde. However, this method is not suited for self-monitoring of Phe, because it
involves a peristaltic pump, preparation of solution, and a sample injection system.

A dip-stick type sensor is needed for self-monitoring of Phe in the home
environment. Dip-stick devices are, in principle, easy to design and manufacture, resulting
in reduced cost. In addition, they are easy to handle and use by people without special
techniques or training.

We are developing an inexpensive dip-stick type-Phe sensor based on bacterial
bioluminescence for self-monitoring in the home environment. This study evaluated the
feasibility of a high performance Phe sensor based on the PheDH, OR, and LF reactions,
and its optimal reaction conditions in homogeneous solution. -

Materials and Methods

OR and LF were produced from E. coli by using recombinant techeniques. Their purity
were over 90 % and their specific activity were close to the enzymes from Boehringer.
PheDH (Cat. No. P-4798) was purchased from Sigma (St. Lousis, MO, USA) and used
without further purification.

NADH (Cat. No. 128023) and FMN (Cat. No. 476501)were purchased from
Boehringer (Indianapolis, IN, USA). Dodecanal (Cat. No. D-3042), Phe (Cat. No, P-
8324), and phenylpyruvic acid (Cat. No. P-8126) were purchased from Sigma. NAD
(Cat. No. 481911) was obtained from CalBiochem (La Jolla, CA, USA). All other
reagents for buffer solutions were obtained from Sigma. All reagents were used without
further purification.
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In order to investigate the effect of those reagents on the PheDH reaction, all
measurements were started by adding the PheDH solution to the cuvette containing all other
necessary reagents (see Results). The conversion to NADH at 5 min was monitored by a

spectrophotometer (Lambda 2, Perkin Elmer, Norwalk, CT, USA) at 340 nm (e=6.22 x
10 M em™) (5) and at room temperature.

For investigation of the effect of the reactants and products of the PheDH reaction
on the bioluminescence system, bioluminescencent assays were started by adding the
NADH solution into the tube containing all necessary reagents (see Results). In the assay
for study of the pH effect and the buffer concentration effect, and for calibration curves, all
assays were started by adding the Phe solution to the tube containing all other necessary
reagents (see Results). The total integrated light emission at 5 min was measured by a
luminometer (TD-20/20, Turner Designs, Sunnyvale, CA, USA) at room temperature and
reported in relative light units (RLU).

All solutions were in phosphate or tris buffer of different pH or concentration (see

Results). All reagent stock solutions were made freshly before assay and kept at 4 °C until
use. Dodecanal was dissolved in methanol and used within 5 h. FMN and NADH
solutions were also protected from the light.

Results and Discussion

A homogeneous-type biosensor, wherein all enzyme reactions are in progress at the same
time and in the same volume, has fewer assay preparation steps. However, each enzyme
competes for the substrates and products; the overall optimal reaction rate depends on the
specific conditions.

The effects of the substrates and the products of each reaction on the other reactions
must be determined and an optimal set of conditions for all reactions deduced in order to
design a high performance homogeneous-type biosensor (6). The precise values of the
substrates and the products in this system are not critical to the overall outcome {Figs | and
2): OR influenced the PheDH reaction, decreasing the output by about 20% (Fig. 1), and
Phe, NAD, and PheDH influenced the bioluminescence reactions, decreasing the output by
about 20% (Fig. 2). This ensures that the substrates and the products of each reaction do
not significantly affect the other reaction when all substrates, except analytical one, are
present in excess.

The effect of pH on the response in the homogeneous-type assay comes from two
effects (7). Firstly, enzymatic activity is a function of pH and each enzyme has an unique
optimal pH. Secondly, pH may affect the dissociation equilibrium of the product. Optimal
pH of the bioluminescence reactions is pH 7.0 (8). However, PheDH from Sparosarcina
ureae shows a pH optimum at pH 10.5 (9). The optimal pH of the overall assay system
was pH 8.0 (Fig. 3). This pH value is closer to that of the bioluminescence reactions,
suggesting that the PheDH reaction is driven by the NADH consumption of the
bioluminescence reaction. In addition, the bioluminescence reaction is probably more
sensitive to pH than is PheDH.

An optimal molarity of the buffer in the assay is also important. This effect was
studied in phosphate and tris buffer (pH 8.0) with concentrations ranging from 10 mmol/L
to 400 mmol/L. The highest light emission was showed in 50 mmol/L. phosphate buffer
(Fig. 4).

Optimal buffer concentration for the bioluminescence system is 100 mmol/L.
phosphate buffer (8). However, many different buffers can be used in the PheDH
reaction. The bioluminescence reactions are probably more sensitive to the buffer condition
than the Phe reaction.

The enzyme amounts needed for optimal assay are important in designing an
economical and sensitive sensor. In the bioluminescent assay, 0.1 nmol of OR and LF
were suitable for an assay volume of 250 pL (data not shown). For our system, the optimal
enzvime amount of PheDH was 0.4 U (Fig. ). However, the enzyme amounts needed for
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Fig. 1. The effects of the substrates and enzymes of
the bioluminescence reactions on the PheDH
reaction. FMN (1 pmol/L), dodecanal (0.0001%
viv), OR (1 nmol), or LF (I nmel} were added,
respectively, into the assay solution containing |
mmol/L Phe, 1 mmol/L NAD, and 1 UPheDH in 100
mmol/L tris buffer (pH 9.0). The conversion to
MNADH at five minutes was monitored at 340 nm and
at room temperature.  Total assay volume was | mL.
Thease data were average values (S.D.=5%, n=5).
Con: control, OR: FMN:NAD(P}H oxidoreductase,
RCHO: dodecanal, LF; bacterial luciferase, FMN:
fNavin mononucleotide.
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Light Emission (%)

Con Phe Pl NAD Ppyru

Fig. 2. The effects of the substrates, product, and
enzyme of the PheDH reaction on the
bioluminescence system. Phe (1 mmol/L},
phenylpyruyic acid (1 mmol/L), NAD (10 mmol/L}),
or PheDH (1 U} were added, respectively, to the
assay solution containing 10 pmol/L NADH, 1
pmol/l. FMN, 0.0001% (v/v) dodecanal, 0.1 nmol
OR, and 0.1 nmol LF in 100 mmol/L. phosphate
buffer (pH 7.0). The integrated light output at five
minutes was measured by the luminometer at room
lemperature in relative light wints (RLU). Total
assay volume was 250 uL. Thease data were average
values (5.D.=5%, n=3). Con: control, FPhe:
phenylalanin, PheDH: phenylalanine
dehydrogenase, NAD: nicotinamide  adenine
dinucleotide, Ppyru: phenylpyruvic acid.

optimal assay also depend on the assay volume (enzyme concentration) due to possible

dimerization and aggregation effects.

Using the optimized conditions, the Phe concentration was assayed (Fig. 6). With
0.4 U PheDH, the linear range of the assay was from 0.1 gmol/L to 10 pmol/L Phe. The
range covers | pmol/L to 1 mmol/L Phe using 0.04 U PheDH. The control level of light
emission (without adding Phe) was close to the value for 0.1 pmol/L. Phe (data not
shown), due to the contamination level of Phe. This sensitivity is quite sufficient for Phe
monitoring, because the reference range of clinical concern is generally 80-200 pmol/L
(10). This information will be used in the development of a test-strip device for Phe

monitoring in the home environment .
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Bacierial bioluminescence, catalyzed by FMN;:
NAD(P)H oxidoreductase and luciferase, has been
used as an analytical tool for guantitating the sub-
strates of NAD(PYH-dependent enzymes. The develop-
ment of inexpensgive and sensitive biosensors based on
bacterial bioluminescence would beneflt from a
method to immeobilize the oxidoreductase and lucif-
crase with high specific activity. Toward this end, ox-
idoreductase and luciferase were fused with a seg-
ment of biotin carboxy carrier protein and produced
in Escherichia coli. The in vivo biotinylated luciferase
and oxidereductase were immobilized on avidin-
conjugated agarose beads with little loss of activity,
Coimmobilized enzymes had eight times higher biolu-
minescence activity than the free enzymes at low en-
zyme concentration and high NADH concentration. In
addition, the immobilized enzymes were more stable
than the free enzymes. This immobilization method is
also useful to control enzyme orientation, which could
inerease the efficiency of sequentially operating en-
zymes like the oxidoreductase-luciferase system.
© 1099 Academic Preas

Bacterial luciferase (luciferase), a heterodimeric en-
zyme composed of o (40 kDa) and 8 (37 kDa) subunits,
catalyzes the reaction between reduced flavin mononu-
cleotide (FMNH,), a long chain aldehyde, and molecu-
lar oxygen to yield a long-chain carboxylic acid, flavin
menonuclectide (FMN), and blue—green light (1). In
bioluminescent bacteria, FMNH, is generated by
FMN:NAD(P)H oxidoreductase (oxidoreductase, 24.5
kDa), which catalyzes the reduction of FMN at the
expense of reduced pyridine nucleotides (NAD(PIH)
(2). FMNH, is also generated by NADH- and NADPH-

' To whom cortespondence should be addressed. Fax: (801) 581-
B8966. E-mail: rstewart@ee utah edu,
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specific oxidoreductases (30). In a coupled reaction of
the oxidoreductase and luciferase, production of light
by the luciferase is directly proportional to the
NAD(P)H concentration at limiting concentrations of
NAD(P)H (10). When the oxidoreductase—luciferase
system is coupled to NAD{P)H-dependent enzymatic
reactions, light production can be proportional to the
concentration of substrate of the enzyme reaction, and
thereby used as a sensitive method to quantify medi-
cally important metabolites (3). Coupled eRzyme sys-
tems have been developed to measure glucose, lactate,
malate, alanine, and phenylalanine (4, 5, 11). In prac-
tice, detection limit and linear range in the assays
depended on assay conditions including enzyme and
reagent purity and reaction efficiency (3).

To develop inexpensive and sensitive biosensors
based on enzyme reactions coupled to bacterial biolu-
minescence, it i3 advantageous to immobilize the lucif-
erase and cxidoreductase. Enzyme immobilization in
biosensors generally offers the advantages of repeated
use, increased stability, easier handling, and deereased
cost (3, 9). In addition, coimmobilization of sequentially
operating enzymes, including the oxidoreductase—
luciferase system, has been shown to improve reaction
efficiency leading to higher specific activities (3, 8-11,
15, 24 -26, 28). For example, Wienhausen and DeLuca
(11) showed that the coimmobilized enzymes produced
10-20 times more light than the individually immobi-
lized enzymes. In these previous reports, luciferase
and/or oxidereductase was chemically conjugated on
the solid materials, including glass, nylen, and Sepha-
rose (3, 9, 10, 15}, These traditional immobilization
methods resulted in substantial loss of activity as a
result of the immebilization procedure, resulting in
inconsistent enzyme activity (3, 9—11). For example,
Nabi and Worsfold (10) showed the activity recovery of
oxidoreductase and luciferase chemically coupled to
Sepharose beads was 33 and 14%, respectively. Wien-
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hauserr and DeLuca (11) also immobilized both en-
zymes chemically on Sepharose beads and found 40—
90% activity recovery for oxidoreductase and 8-20%
for luciferase.

As an alternative approach to conventional immobi-
lization methods, we created biotinylated oxidoreduc-
tase and luciferase by genetic fusion with the biotin
carboxy carrier protein (BCCP).? BCCP is one of three
functional subunits of the acetyl-CoA carboxylase of
Escherichia coli (12, 27). Biotin is attached posttrans-
lationally te a specific C-terminal lysine residue of
BCCP by the enzyme, biotin ligase (12}. The C-termi-
nal 87 residues of BCCP have been shown to be suffi-
cient for biotinylation (12). Expression of the fusion
protein in E. coli results in efficient biotinylation of the
BCCP segment of the fusion protein. This appreach has
been previously applied to firefly luciferase (13).

Here we report that both luciferase and oxidoreduc-
tase fused with the BCCP segment were efficiently
biotinylated in vivo. The in vivo bictinylated enzymes
could be conveniently immobilized on avidin-eonju-
gated beads without loss of activity. Furthermore, the
eoimmobilized system had a significantly higher spe-
cific activity than free enzymes.

MATERIALS AND METHODS

Construction of luxAB gene plasmids. Plasmid pJHD
500 containing /uxAB gene from Vibrio harveyt was a
gift from Dr. T. O. Baldwin (Texas A&M University).
Plasmid pRSET-BCCP-luc had been previously con-
structed in our lab (13). To fuse the luciferase with a
six-histidine tag (H-tag) (7), the luxAB gene was PCR-
amplified from the pJHD 500 using the coding primer
AAGCGGATCCTTATGAAATTTGGAAACTTC and the
noncoding primer GCCCTTTCGTCTTCAAGCTTTCT-
GIT, which have BamHI and HindIIl sites, respec-
tively, for subcloning. The PCR product was digested
with BamHI and Hindlll, gel-purified, and ligated to
the expression veector pET-28C (Novagen, Madison,
WI), which had been digested with BamHI and
HindIIl. An H-tag was introduced onto the end of N-
terminal side of o subunit of luciferase as a result of
subcloning into pET-28C.

To construct the luciferase fusion protein with H-tag
and BCCP segment, luxAB gene was obtained from
pJHD 500 by PCR using the coding primer AATCTA-
GAAATGTTATGAAATTTGGAAACT (Xbal) and the
nonceding primer GCCCTTTCGTCTTCAAGCTTTCT-
GTT (HindIID). The BCCP gene was obtained by PCR
from pRSET-BCCP-luc using the coding primer CGCG-

® Abbreviations used: BCCP, biotin carboxy carrier protein; TB,
Terrific Broth; IPTG, isoptopyl @-D-thiogalactopyranoside; LB,
Luria-Bertani; BSA, bovine serum albumin; RLU, relative light
units; DTT, dithicthreitol.
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GATCCGCATGGAAGCGCCAGCAGCAGCG (BamHI)
and the noncoding primer GCTCTAGATTCGATAA-
CAACAAGCGGTTCGTC Xbal). The PCR fragments
digested with the appropriate enzymes were ligated
simultaneously into pET-28C digested with BamHI
and HindlIl. An H-tag and the BCCP segment were
introduced ento the end of N-terminal side of o subunit
of luciferase as a result of the subcloning.

Construction of oxidoreductase plasmids. To make
H-tagged oxidoreductase, the oxidoreductase gene was
PCR-amplified with the coding primer CGGGATCC-
CGCATCCAATTATTCATGAT (BemHI) and the non-
coding primer CGAATTCTGGCTTTTCTTCATCTCA-
AAC (EroRI) from the genomic DNA of Vibrio fischert.
The PCR product was subcloned into the expression
vector pRSET-C (Invitrogen, San Diego, CA) digested
with BamHI and EcoRI, which encodes an H-tag up-
stream of the multiple cloning sites.

To make the oxidoreductase fusion protein with H-
tag and BCCP segment, the oxidereductase gene was
PCR-amplified with the coding primer GGTCTAGAAT-
TATGACGCATCCAATTAT (Xbal) and the noncoding
primer TTTCTTCAGCTGAAACATTAAGAATCTA (Foull)
from the plasmid pRSET-oxidoreductase described
above. The same PCR fragment of BCCP gene as above
was used. The PCR products digested were ligated
simultaneously to pRSET-C digested with BamHI and
Pyull. An H-tag and the BCCP segment were intro-
duced onto the N-terminai side of oxidoreductase as a
result.

Enzyme expression. H-tagged luciferases, with and
without the BCCP segment, were expressed in E. col:
gtrain Nova Blue (DE3) (Novagen, Madison, WI). A
single colony was inoculated into 50 ml Terrific Broth
(TB) medium containing kanamyein and grown at 37°C
overnight. Half of the 50-ml culture was transferred to
500 m] TB medium with kanamycin and further incu-
bated at 37°C for 6 h (0D ~56.0), and then induced at
30°C for at least 15 L with isopropyl B-p-thiogalacto-
pyrancside (IPTG).

H-tagged oxidoreductases, with and without the
BCCP segment, were expressed in E. coli strain BL21
(DE3). A single colony was inoculated into 50 ml
Luria—Bertani (LB) medium containing ampicilin and
incubated at 37°C overnight. Haif of the 50-ml culture
was transferred to 500 ml LB medium containing am-
picilin and further cultured at 37°C for 3 h (0D,
~0.8), and then induced at 80°C for 4 h with IPTG.

Biotin (5 mg/500 ml medium) was added to 500 ml
medium for the enzymes fused with the BCCP seg-
ment. The cells were pelleted at 6000 rpm, 4°C (JA-10
rotor, Beckman, Palo Alto, CA) for 20 min and stored at
—70°C.

Enzyme purification. The frozen cell pellets were
resuspended in lysis buffer (0.1 M phosphate, 0.5 M
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NaCl, 10% (v/v) glyeerol, 60 mM imidazole, 0.1% (v/v)
Tween 20, 1 mM phenylmethylsuifonyl flucride, and 10
mM mercaptoethanol, pH 7.0). The resnspended cells
were sonicated four times for 15 s on ice (550 Sonic
Dismembrator, Fisher Scientific, Pittsburgh, PA) and
then centrifuged at 16,000 rpm, 4°C (JA-17 rotor, Beck-
man) for 30 min, The supernatant was applied to a
Ni-NTA agarose column (Qiagen, Valencia, CA) pre-
equilibrated with the wash buffer (0.1 M phosphate,
0.5 M NaCl, 10% (v/v) glycerol, and 60 mM imidazole,
pH 7.0). The Ni-NTA column was washed four times
with five packed bead volumes of the wash buffer and
then eluted with the elution buffer (0.1 M phosphate,
0.5 M NaCl, 10% (v/v} glycerol, and 0.2 M imidazole,
pH 7.0). Each fraction was monitored for protein on
12% SDS-PAGE. The positive fractions were pooled
and buffer exchanged into 0.1 M phesphate (pH 7.0)
using a prepacked Sephadex G-25 column (PD-10 col-
umn, Pharmacia Biotech, Piscataway, NJ). The de-
salted lJuciferases and oxidoreductases were concen-
trated with Centricon-30 and -3 ¢(Amicon, Beverly,
MA), respectively. The aliquots of the econcentrated
enzymes were frozen in liquid nitrogen and stored at
—70°C until use. The concentration of enzymes was
determined by a Bio-Rad protein assay kit (Bio-Rad,
Hercules, CA) using bovine serum albumin (BSA) as a
standard.

Assay for measuring the specific activity of enzymes.
Specific activities of luciferases were determined by
bioluminescence assay. The assay was started by add-
ing of NADH (0.1 mM) to 1 uM FMN, 0.0001% (v/v)
dodecanal, 24 ug oxidoreductase, and 2 ng luciferase in
0.1 M phosphate (pH 7.0) in a total assay volume of 250
pl. Light intensity was measured by a luminometer
(TD-20/20, Turner Designs, Sunnyvale, CA) at room
temperature. Activity was reported in relative light
units (RLU). The concentrations given are the final
solution concentration.

Specific activities of oxidoreductases were measured
by menitoring the NADH concentration spectrophoto-
metrically (Lambda 2, Perkin Elmer, Norwalk, CT) at
340 nm (¢ = 6.3 X 10° M™' cm™" (2)) at room temper-
ature. The reaction was initiated by adding 1 Mg oxi-
doreductase into a euvette containing 0.1 mM NADH
and 0.1 mM FMN in 0.1 M phosphate (pH 7.0). Total
reaction volume was 1 mil.

Enzyme immobilization. Biotinylated luciferase
and oxidoreductase were immobilized on the avidin-
conjugated agarose beads (ImmunoPure Immobilized
Avidin, Pierce, Rockford, IL) packed in a column. The
beads were equilibrated twice with 10 packed bead
volumes of 0.1 M phosphate (pH 7.0). For the immobi-
lization of a single protein, excess biotinylated protein
was applied into each column, For the immobilization
of beth proteins simultaneously (coimmobilization),

135

amounts of biotinylated luciferase and oxidoreductase
equal to the measured binding capacity of avidin-
conjugated bead were mixed together and applied to
the column. The column was then washed five times
with 10 packed bead volumes of 0.1 M phosphate (pH
7.0). The bound enzymes were stored at 4°C until use,
Activities of free, individually immobilized and coim-
mobilized enzymes were determined by the biolumi-
nescence assay with 10 pmol luciferase and 10 pmol
oxidoreductase for each NADH concentrations from 1
nM to 0.5 mM, as above. For enzyme ratio effect in free
and coimmobilized enzymes at 0.1 mM NADH,
amounts of oxidoreductase were increased from 10 ta
500 pmol at a fixed 10 pmol luciferase. The amount of
coimmobilized enzymes was adjusted by the bead
amount. The peak intensity was used for NADH cali-
bration curves and for the enzyme ratio effect.

Stability of free and immobilized enzymes. Free
and immobilized enzymes were stored at 4°C with and
without dithiothreitol (DTT, 1 mM). At a given time,
enzyme activity was measured by the bioluminescence
assay, as above. For measuring the stability of lucif-
erases, 10 pmel stored luciferase and 100 pmol fresh
free oxidoreductase were used. For the stability of oxi-
doreductases, 10 pmol stored axidoreductase and 100
pmol fresh free luciferase were used.

RESULTS

Purification and specific activity of luciferases and
oxidoreductases. H-tagged lucifersse, H-tagged oxi-
doreductase, H-tagged BCCP-luciferase, and H-tagged
BCCP-oxidoreductase were expressed in E. coli and
purified on a Ni-NTA colurnn, Purity of the H-tagged
luciferases and oxidoreductases was over 95%, as
Judged by SDS-PAGE (Fig. 1). Yield of luciferases and
oxidoreductases was about 1.5 and 5.0 mg/1 liter cul-
ture, respectively. The specific bioluminescence activ-
ity of the recombinant luciferases was comparable to
commercially available luciferase (Boehringer) (Table
1), suggesting that the activity of luciferase was not
inhibited by the H-tag or the BCCP segment. Likewise,
the specific activity of recombinant oxidoreductases
was comparable to commercial oxidoreductase (Boeh-
ringer} (Table 1) and to other reported oxidoreductase
specific activities (2, 31), suggesting that the activity of
oxidoreductase was not inhibited by the H-tag or the
BCCP segment. However, our specific activity was
lower than that reported by Inouye (29). This discrep-
ancy may be due to different enzyme purity and assay
method.

The extent of biotinylation of BOCP-luciferase and
BCCP-oxidoreductase. The degree of biotinylation on
BCCP-luciferase and BCCP-oxidoreductase was de-
termined using an avidin-conjugated agarose column.
Diluted enzyme solution, luciferase or axidoreductase
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FIG. 1. SDS-PAGE (12%) of purified luciferases and oxidoreduc-
tases nsing the Ni-NTA column, The gels were stained with Coomas-
sie blue. () Lane 1, luciferase; lane 2, BCCP-luciferase. (b} Lane 1,
oxidoreductase; lane 2, BCCP-oxidoreductase.

(20 pg enzyme; much less than the bead’s binding
capacity as described below), was applied to the column
(100 2] beads). The flowthrough was eollected and re-
applied to the column six times. The amount of un-
bound enzymes in the column flowthrough was deter-
mined by a Bio-Rad protein assay kit. The fraction of
biotinylated luciferase and oxidoreductase was calcu-
lated, assuming all biotinylated enzymes were bound,
by substracting the flowthrough from the initial
amount of enzyme applied to the column (16). Nonspe-
cific binding was found to be negligible in control ex-
periments. The extent of biotinylation of BCCP fusion
proteins expressed in E. coli can be different from
culture to culture (20). To increase the extent of bioti-
nylation of the fusion protein, bictin was added to the
culture medium (20, 27). With biotin in the culture
medium, luciferase and oxidoreductase were about
g0 + 5 and 75 *+ 5% biotinylated (= = 3), respectively.
Without biotin, the extent of biotinylation of luciferase
and oxidoreductase was about 50 * 10 and 40 = 10%
{n = 4), respectively.

The binding capacity of avidin-conjugated beads.
The binding capacity of luciferase and oxidoreductase
on the beads was determined by adding increasing

MIN, ANDRADE, AND STEWART

amounts of enzyme to a fixed volume of beads te deter-
mine the bead saturation level. Solutions of each en-
zyme (22 to 534 ug luciferase and 50 to 583 ug OXi-
doreductase) were applied to the column (50 ul beads),
The enzyme concentration in the flowthrough was de-
termined. The binding capacity of the beads for lucif-
erase and oxidoreductase was about 1.98 and 2.10 ug/
1, respectively (Fig. 2).

Immobilization of biotinylated luciferase and oxi-
doreductase. Biotinylated luciferase and oxidoreduc-
tase were immobilized together or individually on avi-
din-conjugated agarose beads. Since the biotin—avidin
interaction is strong (X, = 10" M™") (14), the immobi-
lization of luciferase and oxidoreductase is quite stable.
The specific activity of immobilized luciferase was mea-
sured by the same method as free enzyme, using a
large molar excess of free oxidoreductase, and was 10
RLU/ug * 8, about 80 = 5% (n = 4) that of free BCCP-
luciferase. The specific activity of immobilized oxi-
doreductase was measured spectrophotometrically, us-
ing 2 pg immobilized oxidoreductase, and was 4.7
pmol/mg - min, about 90 + 5% (» = 4) that of free
BCCP-ocxidoreductase.

The bioluminescence activity of the coupled oxi-
doreductase-luciferase reaction was compared for free,
coimmobilized, and individually immobilized enzymes,
using 0.1 mM NADH, 10 pmol luciferase, and 10 pmol
oxidoreductase (Fig. 3). The peak intensity of coimmao-
bilized enzymes was about 8 times higher than that of
free enzymes. The peak intensity of individually immo-
bilized enzymes was about 20 times lower than that of
free enzymes. These results were consistent with the
results of DeLuca’s group, who suggested that the mi-
croenvironments in the coimmobilized enzymes may
protect FMNH, from autooxidation, resulting in more
efficient FMNH, utilization by the luciferase (11, 17,
21). The time at the peak intensity was 10 s for free
enzymes, 16 s for coimmobilized enzymes, and 60 s for
singly immobilized enzymes. The reaction rate of im-
mobilized enzymes might be slowed by the rate of mass
transfer of the substrates from the bulk solution to the
surface of the bead (9, 18, 23).

To study dependence of the microenvironmental ef-
fect on NADH concentration as well as to determine
the effect of immobilization on the sensitivity and lin-

TABLE 1
Specific Activities of Luciferases and Oxidoreductases

Specific activity

Specific activity

(RLUfpg - =) {(umol/mg ' min}
Boehringer huciferase 15.0 Boehringer oxidoreductase 3.5
Luciferase 10,0 Oxidoreductase 41
B{C P-luciferase 12.5 BCCP—oxidoreductase 5.3

Note. These data were average values (8D = 10%, n = 5), RLAJ, relative light units,
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FIG.2, The binding capacity of avidin-conjugated beads for BOCP-
luciferase and BCCP-oxidoreductase. The percentages of bictinyla-
tion of luciferase and oxidoreductase used were about 92 and 79%,
respectively, and the bead volume was 50 pl. The binding capacity of
the beads for luciferase and oxidoreductase was about 1,98 and 2.10
pgful, respactively, The amount of envymes was determined by a
Bio-Rad protein assay kit using BSA as a standard. These data were
average values (8D = 5%, n = 4). B, BCCP-luciferase; @, BCCP—
oxidoreductase.

earity, the same experiments were performed with
NADH concentrations from 1 aM to 0.5 mM (Fig. 4).
The linear range was between 1 nM and 1 M for free
enzymes, 1 nM and 10 uM for coimmobhilized enzymes,
and 0.1 and 10 uM for individually immobilized en-
zymes. At coneentrations below 1 M NADH, the peak
intensity of coimmobilized enzymes was slightly higher
than that of free enzymes. NADH diffusion through the
agarose beads in the coimmobilization may be limited
to produce light at the low NADH concentrations.

Co-Im
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vidually immobilized, luciferase and vxidoreductase. Assay was
started by adding NADH (0.1 mM) to 1 uM FMN, 0.0001% (viv)
dodecanal, 10 pmol oxidoreduetage, and 10 pmol luciferase in 0.1 M
phoaphate (pH 7.0) in a total assay volume of 250 ul The light
intensity was measured by the luminemeter at room temperature
and was reported in relative light units (RLU). Co-Im, coimmebilized
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FIG. 4. Calibration curves of bicluminescence intensity vs NADH
eoncentration for free, coimmobilized, and individually immobilized
luciferase and cxidereductase. Assay was started by adding different,
NADH (1 nM to 0.5 mM} te 1 uM FMN, 0.0001% (v/v) dodecanal, 10
pmal oxidoreductase, and 10 pmol lueciferase in 0.1 M phogphate (pH
7.0} in a total assay volume of 250 ul. The peak intensity was
measured by the luminometer at room temperature and was re-
ported in refative light unita (RLIN. These data were average values
(3D = 5%, n = 4). Both axes are log scale. B, coimmobilized ENZYIes;
®, free enzymes; &, individually immobilized enzymes.

In the oxidoreductase—luciferase system, the mean
distance between luciferase and oxidoreductase is
probably important to produce light efficiently due to
the FMNH,; autooxidation. The distance between both
enzymes is shorter in the coimmobilization system
than that in the free enzyme system at low enzyme
concentrations. To test this hypothesis, the distance
between both enzymes was decreased by increasing the
oxidoreductase concentration at a fixed luciferase con-
centration, 10 pmol. The bioluminescence peak inten-
sity with ratios of 1, 8, 13, 29, 39, and 50 mol/mol of free
or coimmobilized oxidoreductase to luciferase was de-
termined (Fig. 5). The peak intensity was almost the
same for free or coimmobilized enzymes at ratios above
1 mol/mol. In addition, the peak intensity plateaued at
ratios higher than 30 for both cases. These results
suggest that at high ratios both free and coimmobilized
enzymes are in similar environments and that the
coimmobilization is a goed method to decrease the
mean distance at the dilute enzyme concentration. To
preduce the highest peak intensity for a given ucif-
erase concentration, the oxidoreductazse concentration
needed is 30 tirnes more than the luciferase concentra-
tion in the free enzymes and may depend on immobi-
lization conditions in the coimmobilized enzymes.

Stability of free and immobilized luciferase and oxi-
doreductase. One of the potential advantages of im-
mobilized enzymes is their increased stability (8). To
corpare the stability of free and immaobilized BOCP-
luciferase and BCCP-oxidoreductase, the enzZymes
were stored at 4°C with and without DTT, and their
activities were measured periedically (Table 2). Tmmo-
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FIG. 5. The enzyme ratio effects for free and coimmobilized lucif-
eraze and oxidoreductase. The amount of oxidereductase was in-
creased from 10 to 500 pmol at a fixed 10 pmol luciferase, Assay was
atarted by adding NADH (0.1 mM) to 1 uM FMN, 0.0001% (v/7)
dodecanal, oxidoreductase (10 to 500 pmal), and 10 pmol luciferase in
0.1 M phosphate (pH 7.0) in a total assay volume of 250 wl. The peak
intensity was measured by the luminometer at room temperature
and was reported in relative light units (RLU). W, eoimmobilizad
enzymes; @, free enzymes.

bilized enzymes were generally more stable than the
free enzymes. For example, free luciferase and oxi-
doreductase without DTT lost half of their activity
after 1 and 3 days, respectively, but immobilized lucif-
erase and oxidereductase without DTT was stable for
14 and over 21 days, respectively. Addition of DTT had
a significant effect on the free enzymes but had little
influence on the immobilized enzymes. Oxidoreductase
is more stable than luciferase.

DISCUSSION

Specific, sensitive, and rapid bioluminescent assays
for NAD(P)H have been used as an analytical tool for

MIN, ANDRADE, AND STEWART

measuring several medically important analytes (3,
11). As part of the development of these diagnestic
assays, luciferase and oxidoreductase have been ex-
pressed in E. coli and immobilized on solid materials in
several labs (2, 3, 6, 8, 10, 15). The immobilization of
oxidoreductase and luciferase by the methods de-
scribed in these reports generally resulted in low bind-
ing efficiency, with significant loss of enzyme activity
(3, 10, 11). An alternative approach is the avidin—
hiotin system, which has been widely applied to en-
zyme immobilization due to its specific and strong bond
(14).

Conventional enzyme biotinylation usually invelves
biotin introduced chemically through a functional
group of the enzyme. Chemical biotinylation can result
in multiple biotinylation, random biotinylation, and
enzyme inactivation (16). Li and Cronan (27) intro-
duced in vivo enzyme biotinylation of proteins fused
with BCCP. There are several advantages of in vivo
biotinylation of proteins: the BCCP fusion proteins are
biotinylated in the cell as posttranslation modifica-
tions, eliminating the need for chemical modification;
the biotinylation oecurs on a specific residue of the
BCCP segment; the enzymes have a consistent orien-
tation on the solid surfaces; the orientation can be
controlled to some extent by selecting the fusion site
with BCCP segment; and the BCCP segment between
the avidin binding site and the enzyme molecule may
act like a spacer, preventing enzyme denaturation re-
sulting from interactions with the surface.

Bacterial luciferase and oxidoreductase fused with
the in vivo bictinylated BCCP segment could be conve-
niently immobilized on avidin-conjugated agarose
beads. This approach was highly effective at preserv-
ing the activity of both enzymes, which in the past have
been shown to be sensitive to surface immobilization.

TABLE 2
Stability of Free and Immobilized Enzymes

Activity retained (%)

BCCP-luciferase BCCP-oxidereductase
Free Immobilized Free Immobilized
Time With Without With Without With Without With Without
{day) DTT DIT DTT DIT DTT DIT DTT DTT
o 100 100 100 100 100 100 100 100
1 15.1 2.7 94.8 94.1 82.0 68.2 99.9 98.9
3 6.2 1.7 0.7 220 81.0 43.6 99.6 99.7
7T 5.0 02 54.4 88.4 T79.5 43.2 906 99.7
14 5.0 0.1 74.9 836 734 42.7 99.6 98.6
21 — —_ 6.0 8.0 73.0 38.2 89.3 85.0

Note. Activity was determined by the peak intensity at room temperature. These data were average values (8D

= Activities of fresh enzymes were used as initial values, The storage temperature was 4°C.

=5%, n =4
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Furthermore, coimmobilization resulted in an eight-
fold increase in gpecific activity relative to free en-
zymes. In NADH assays with the coimmobilized en-
zymes, light emission was linear over an NADH
concentration range from 1 nM to 0.5 mM. This sug-
gests that sensitive biosensors with a wide useful de-
tection range can be developed using the BCCP-
luciferase and —oxidoreductase system.

For application in biosensors, coimmobilization of
oxidoreductase and luciferase is also of interest be-
cause of the increased coupling efficiency hetween the
enzymes (3, 8). The increased efficiency is due to a
decrease in nonenzymatic oxidation of FMNH,, which
competes with production of light through enzymatic
oxidation of FMNH,. The probability of nonenzymatic
oxidation of FMINH, decreases as the effective concen-
tration of oxidoreductase and luciferase increases
through coimmobilization, resulting in increased light
intensity (assay sensitivity) at low enzyme concentra-
tions compared to enzymes free in solution (Fig. 3) (9).
A similar phenomenon may occur in nature; Tu and
Hastings (22) suggested that in vivo luciferase and
oxidoreductase exist as a complex. For hoth free and
coimmobilized enzymes the coupling efficiency in-
creased at higher ratios of exidoreductase to luciferage,
saturating at about 30:1 (Fig. 5).

In addition to higher specific activities at low eNnzyme
concentration, the immobilized luciferase and oxi-
doreductase were also more stable than the free en-
zymes. The increased stability of immobilized enzymes
may be a general phenomenon, observed with several
enzymes and immobilization methods (9, 11, 15, 19),
Combes et al. (19) suggested that increased organiza-
tion of solvent molecules in the vicinity of a solution—
solid interface may prevent unfolding of proteins. En-
hancement of the stability of the luciferase and
oxidoreductase by immobilization on avidin surfaces
may be important for increasing biosensor stability
and shelf life.
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