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Glutamate dehydrogenase (GDH) (L-glutamate:NADP+ oxidoreductase, deaminating, EC 1.4.1.4) from the
cellulolytic ruminal bacterium Ruminococcus flavefaciens has been purified and characterized. The native
enzyme and subunit are 280 and 48 kDa, respectively, suggesting that the native enzyme is a hexamer. The
enzyme requires 0.5 M KCI for optimal activity and has a pH optimum of 6.9 to 7.0. The Kms for ammonia,
at-ketoglutarate, and glutamate are 19, 0.41, and 62 mM, respectively. The sigmoidal NADPH saturation curve
revealed positive cooperativity for the binding of this coenzyme. The first residue in the N-terminal amino acid
sequence from R. flavefaciens GDH was alanine, suggesting that the protein may be modified posttranslation-
ally. Comparison of the N-terminal sequence with those of Escherichia coli, SalmoneUla typhimurium, and
Clostridium symbiosum revealed only 39%o amino acid homologies. The GDH from R. jfavefaciens was unique
in that its specific activity was highest during ammonia-limited growth but was not affected by ammonia shock
treatment (20 mM).

Ruminococcus flavefaciens is one of the predominant
cellulolytic bacterial species of the rumen. Ammonia is its
principal source of nitrogen, since urea (13), peptides, and
amino acids (8) are not used effectively for growth of pure
cultures. Therefore, the assimilation of ammonia is of fun-
damental importance to the contribution of this organism to
ruminal degradation of fibrous feedstuffs.
The assimilation of ammonia has been thoroughly inves-

tigated with only a few rumen bacterial species (18, 30, 37),
despite the observations from 15N-labelling studies that 50 to
78% of ruminal bacterial nitrogen is derived from ammonia
(25, 33) and that ammonia is indeed required by many
ruminal bacteria (1, 8). In general, ammonia assimilatory
enzymes similar to those of the enteric bacteria have been
found in ruminal bacteria, although individual differences in
optimum assay conditions and apparent regulatory behavior
have been encountered previously (16, 43).
We have demonstrated the presence of NADP-dependent

glutamate dehydrogenase (GDH) and glutamine synthetase
in crude cell extracts ofR flavefaciens (14). In this commu-
nication, we report the purification and characterization of
an NADP+-dependent glutamate dehydrogenase from R.
flavefaciens FD-1.

MATERIALS AND METHODS
Organism and culture conditions. R. flavefaciens FD-1 was

obtained from the culture collection of the Department of
Animal Sciences. Cultures were grown anaerobically by
using a previously defined mineral medium (15) modified by
the omission of 3-phenylpropionic acid and phenylacetic
acid, the addition of 0.01% (wtlvol) sodium citrate, and the
replacement of cysteine sulfide with 0.038% (wtlvol) sodium
sulfide (Na2S) and 0.01% (wt/vol) dithiothreitol for batch
cultures or 0.009% (wt/vol) Na2S and 0.015% (wt/vol) dithio-
threitol for continuous cultures. Cellobiose (10 or 20 mM)
was the carbon source, and NH4C1 (1, 2, or 10 mM) was the
sole nitrogen source. Nutrient concentrations were selected
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such that media were limiting in either nitrogen or carbon for
cell growth. Anaerobic techniques (7, 17) were used for all
manipulations involving media and cell preparations. Cells
were cultured at 37°C.
For studies using crude extracts, cells were grown in batch

cultures (1 to 2 liters until the late log phase of growth) or in
continuous cultures (dilution rate, 0.14 h-1). A 10-liter
ammonia-limited batch culture was used for the purification
of GDH.
The abilities of cells to rapidly regulate their ammonia

assimilatory enzymes were tested by the addition of a small
volume (<1%, vol/vol) of sterile anaerobic water or concen-
trated NH4C1 solution to ammonia-limited cultures in the
mid-log phase of growth or to continuously cultured cells
collected after at least 4 culture volume turnovers. The final
NH4C1 concentration in the ammonia-shocked treatments
was 20 mM. The cells were incubated for 10 min at 37°C and
then harvested as described below.

Cell harvest and preparation of crude extract. Batch cul-
tures were harvested in the late log phase of growth, whereas
continuous cultures were harvested either directly from the
culture vessel or from 12-h collections in an effluent vessel
kept in an ice bath. Cells were harvested by centrifugation
(10,000 x g, 20 min, 4°C)t The cell pellet was either frozen
immediately at -70°C or washed once with anaerobic buffer
(50 mM imidazole or bistrispropane, 1% KCI, 1 mM dithio-
threitol, pH 6.8). For the preparation of cell extracts,
washed cells were resuspended in 10 to 25 ml of this buffer
(plus 50 ,ug of phenylmethylsulfonyl fluoride per ml) and
passed twice through a chilled French pressure cell (20,000
lb/in2). Unbroken cells were removed by centrifugation
(10,000 x g, 10 min, 4°C). Supernatants were then subjected
to ultracentrifugation in a fixed angle rotor at 105,000 x g for
4 h (4°C), giving a membrane-free supernatant (S2) and a
membrane-containing pellet (P2). In some experiments, the
P2 pellet was washed by being resuspended in 3 ml of the
buffer described above. The suspension was then subjected
to ultracentrifugation under the same conditions as before to
yield a P3 fraction.
Enzyme assays. GDH was assayed in the aminating direc-
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tion by using a modification (37) of the method of Meers et
al. (27). Both NADH and NADPH were tested as coen-
zymes. Deaminating GDH was assayed in 0.5-ml reaction
mixtures containing a buffer consisting of 0.5 M KCl, 1 mM
NADP+ or NAD+, and 50 mM imidazole, pH 7.0. Activity
was defined by the disappearance (or the appearance, for the
deaminating reaction) of NAD(P)H, measured by the A340,
upon the addition of the sample to the reaction mixture.
Substrate saturation curves were determined for individual
substrates, while others were present at enzyme-saturating
concentrations. Kinetic parameters were estimated from
computer-generated double-reciprocal (1/V versus 1/S) or
Hill {log [V/(Vm. - V)] versus log S, where Vis the observed
velocity and VmS, is the maximal reaction velocity or rate}
transformations of substrate saturation data.
Enzyme purification. GDH was purified by ion-exchange,

affinity, and gel filtration chromatography. All separations
were performed aerobically at room temperature, and frac-
tions were refrigerated as soon as they were collected.
The S2 fraction was applied to a Mono Q HR 5/5 (Phar-

macia, Piscataway, N.J.) anion-exchange column previously
equilibrated with BD buffer (20 mM bistrispropane, 1 mM
dithiothreitol, pH 6.8). After being washed with 5 ml of this
buffer, bound proteins were eluted (0.5 ml/min) in a linear
gradient (0 to 1 M) of NaCl. Proteins were detected by their
A2, in a flowthrough cell (Dynamax UV-1; Rainin Instru-
ments, Woburn, Mass.). Fractions (0.5 ml) were collected,
and those with the highest GDH (aminating) activity were
pooled and dialyzed overnight against 1 liter of BD buffer at
40C.

Dialyzed GDH-containing fractions were then applied to a
column containing 8 ml (2.0 g [dry weight]) of Red Sepharose
CL-6B (Pharmacia) previously equilibrated with BDN buffer
(BD buffer with 150 mM NaCl). Bound proteins were eluted
(0.5 mlmin) in a linear gradient (0.15 to 3.00 M) of NaCl after
the column had been washed with 4 volumes of BDN buffer.
Fractions (1.0 ml) were collected, and GDH-containing
fractions were again pooled. The pooled fractions were
concentrated and desalted by using Centricon 10 centrifugal
microconcentrators (Amicon, Danvers, Mass.).
A Superose 6 HR 10/30 gel filtration column (Pharmacia)

was equilibrated with BD buffer at a flow rate of 0.3 m/min.
The concentrated GDH-containing fraction was then applied
to the column. The fractions containing GDH were main-
tained separately for electrophoretic analysis.

Electrophoresis. Nondenaturing polyacrylamide gel elec-
trophoresis (PAGE) was used to compare the migrations of
GDH activity among crude cell fractions. The tube gels
contained 3 and 7% polyacrylamide in the stacking and
resolving gels, respectively. All other reagents, including the
activity stain, were as described by Bellion and Tan (3). The
electrophoresis was conducted in a Protean II unit (Bio-Rad,
Richmond, Calif.) adapted for tube gels at 2 mA per tube
(constant current) with cooling at 4°C.
The GDH-containing fractions from gel filtration chroma-

tography were analyzed by sodium dodecyl sulfate (SDS)-
PAGE (21) with a minigel apparatus (Mini Protean II;
Bio-Rad). Acrylamide concentrations were 4 and 12% in
stacking and resolving gels, respectively. The SDS-PAGE
gels were silver stained as described by Merrill (28).

Determination of native enzyme and subunit sizes. The
native size of purified GDH was determined by calibrating
the gel filtration column with the following standard pro-
teins: ferritin (450 kDa), catalase (240 kDa), aldolase (158
kDa), bovine serum albumin (68 kDa), hen egg albumin (45
kDa), and chymotrypsinogen A (25 kDa) (Combithek;

Boehringer Mannheim, Indianapolis, Ind.). The void volume
of the column was determined with blue dextran (2,000 kDa).
The subunit size of GDH was determined by comparison

with SDS-PAGE molecular weight standards (Bio-Rad) on
the Coomassie blue-stained protein blot of an SDS-PAGE
minigel (see below).

Protein blotting and amino-terminal sequencing. Proteins
from an SDS-PAGE minigel were electroblotted onto poly-
vinylidene difluoride membranes (ProBlott; Applied Bio-
systems, Foster City, Calif.) by a wet-blotting procedure
(Mini-TransBlot Electrophoretic Transfer Cell; Bio-Rad) ac-
cording to the manufacturer's instructions. Blotted mem-
branes were then stained for about 1 min with 0.1% (wt/vol)
Coomassie brilliant blue R-250 in a solution containing 1%
acetic acid and 40% methanol. Membranes were destained in
successive washes of 50% methanol for a total of about 20
min.
The amino-terminal amino acid sequence was determined

by automated microsequencing (Applied Biosystems) per-
formed in the Protein Sequencing Laboratory of the Biotech-
nology Center at the University of Illinois at Urbana-
Champaign.

Other. Protein concentrations in samples were determined
by measurements of A230 and A260 (19). Ammonia nitrogen
concentrations were determined by the method of Chaney
and Marbach (10). Unless otherwise specified, all chemicals
and reagents were purchased from Sigma.

RESULTS

Growth and expression of GDH activity. R. flavefaciens
FD-1 did not grow in media in which glutamate or methyl-
amine was the sole nitrogen source and grew extremely
slowly when provided with glutamine, apparently limited by
the rate of spontaneous deamidation of glutamine in solu-
tion. Ammonia supported growth, and nitrogen-limited (1
mM initially) batch cultures had higher GDH specific activ-
ities in the S2 fraction than carbon-limited (10 mM} cultures
(3,315 ± 289 versus 997 ± 72 nmol. mg- min-, respec-
tively). Residual ammonia concentrations in media were 7.50
and 0.08 mM for carbon- and nitrogen-limited cultures,
respectively, after growth until the late log phase. Although
GDH activity was higher under ammonia-limiting condi-
tions, its activity in extracts from ammonia-limited cultures
was not affected by sudden exposure of the cells to 20 mM
NH4Cl. Exponential growth rates, as measured by optical
densities (600 nm), were similar in ammonia- and cellobiose-
limited cultures (0.28 ± 0.02 and 0.31 ± 0.04 h-1, respec-
tively).
Although GDH has been detected in the P2 fraction also,

78% of the total GDH activity (sum of the specific activity
times protein concentration times volume for S2 and P2) in
continuously cultured cells was found in S2 (164.0 ± 5.7 and
47.4 ± 6.2 ,umol. min-' in S2 and P2, respectively). The
S1-, S2-, and P3-associated GDHs comigrated in nondena-
turing polyacrylamide gels (Fig. 1). Activity stains of addi-
tional tube and slab gels which were subjected to electro-
phoresis for longer and shorter times and with different
amounts of protein verified that only a single band of GDH
activity existed in crude extracts (data not shown). These
results suggested that only one form of the enzyme exists.
GDH was subsequently purified 119-fold from the S2 frac-
tion of cells from an ammonia-limited batch culture (Table 1;
Fig. 2).
Two major proteins (48 and 37 kDa) eluted close to each

other from the gel filtration column (Fig. 3), as observed on
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FIG. 1. Comigration of GDH activity from crude cell fractions
Si, S2, and P3 in nondenaturing PAGE. The tube gels were loaded
with 40 p~gof protein from the respective fractions and stained for
GDH activity following electrophoresis.

the SDS-PAGE gel. The 48-kDa protein and the GDH
activity began to elute before the 37-kDa protein appeared.
The GDH activity peak corresponded with the peak of the
48-kDa, but not that of the 37-kDa, protein. Therefore,
fractions with GDH activity but without the 37-kDa protein
were pooled. Two minor bands of protein (76 and 85 kDa)
were still detected in the purified GDH fraction, as seen in
the Coomassie blue-stained protein blot of an SDS-PAGE
gel (Fig. 4). These contaminating bands were estimated to
compose 4% of the total protein in the fraction by using
integrations of peaks from scanning laser densitometry.
The size of the native GDH enzyme was estimated to be

280 kDa with standard molecular size markers by gel filtra-
tion chromatography. The subunit size, estimated from
standard size markers on the SDS-PAGE gel, was 48 kDa.
The formation of a hexamer in the native enzyme would be
consistent with this evidence.
The purified GDH was specific for NADPH, and no

NADH-linked activity was detected. The specific activity of
the purified enzyme increased with temperature to an opti-
mum of 460C. However, assays to'characterize GDH were
conducted at the more physiological temperature of 370C.
The optimal KCI concentration in the reaction mixture was
0.5 M; NaCl could replace KCI at this level. The enzyme

TABLE 1. Purification of GDH from R. flavefaciens FD-1

Total Total Sp act Purification Yield
Step activity protein (U mg-,) (fold) (%

(U)r (mg)

S2 271,495 126.54 2,146 1 100

Mono Q 244,896 21.15 11,579 5 90

Red Sepharose 217,465 4.32 51,532 24 80

Superose 6 94,787 0.37 256,180 119 35
a Units were determined as nanomoles per minute.

1.25

E 1.00
00Go
8 0.75

0 0.50

0.25

0.00

B 0.40

- 0.30
C
0

40
8
i 0.20

0.10

0.00

0 10 20 30
Fraction Number

0 20 40 60 80
Fraction Number

C
0.25

0.20
E
0
C

0.158
5

a 0.10

0.05

0.00

40 SC

1.25 -

1.00 -

0.75E_

0.50,

0.25 -

0.00 _
0

6.0 -

5.0

4.0 E

le

3.0
I-

2.0 E

1.0

0.0 -

1.0

0.8

qa
0.6 .

0

0

0.4 -§
cn

0.2

0.0

3.0

2
2.0 -,

0
.C

E

0
1.0 cn

0.0
100 120

50.0

40.0

E
30.0 E

20.0

10.0

0.0
0 10 20 30 40 50 60 70 80

Fraction Number
FIG. 2. Chromatographic profiles of the GDH purification steps

Mono Q ion exchange (A), Red Sepharose affinity chromatography
(B), and Superose 6 gel filtration (C). Absorbances ( ), NaCl
concentration gradient (.....), and activities (0) are indicated.

displayed a broad pH optimum for the aminating reaction,
with a peak at pH 6.9 to 7.0.

Typical saturation kinetics were observed for most sub-
strates with the purified enzyme. The Kms for substrates are
shown in Table 2, along with values for some other purified
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1 2 3 4 5 6 7

FIG. 3. Gel filtration fractions showing major bands correspond-
ing to GDH activity and a contaminating protein. The minigel was
silver stained (25). Lane 1 contained the following protein molecular
size markers (in kilodaltons) (from top): myosin, 200; 0-galactosi-
dase, 116; bovine serum albumin, 66; ovalbumin, 45; and carbonic
anhydrase, 31. Lanes 2 to 7 contained 5 p,l (0.33 to 1.03 p,g of
protein) of gel filtration fractions 46 to 51, respectively, with the
corresponding GDH activities (in micromoles per milliliter per

minute): 9.2, 20.0, 26.0, 21.8, 15.2, and 8.0.

GDHs. The saturation curve for NADPH in the aminating
reaction had a slightly sigmoidal shape. The Hill coefficient
had a value of 1.96, and the Hill equation predicted a

substrate concentration of 34 F.M at one-half the observed
maximum rate of reaction.
The N-terminal amino acid sequence (30 residues) (Table

3) of the GDH subunit was determined in order to identify
probe sequences for subsequent genetic studies. The N-ter-
minal amino acid was alanine rather than methionine. The
ungapped N-terminal sequences from R. flavefaciens FD-1,
Eschenichia coli (26, 40), and Salmonella typhimunium (2)
were identical at 12 of the first 30 positions. The gapped and
aligned N-terminal sequences of R. flavefaciens FD-1 and
Clostridium symbiosum (NAD+-specific GDH) (22) were
also identical at 12 positions. The gapped and aligned se-
quences of these four species revealed 7 positions with
identical amino acids (Table 3).

DISCUSSION

The ruminal environment is characterized by its anaero-
bicity, constant temperature (37 to 39°C), moderate levels of
salts (100 to 200 mM) and ammonia (-5 to 30 mM), and
buffering at nearly neutral pH (pH 6.5 to 7.5). The optimal
pH and salt levels for GDH fromR flavefaciens FD-1 reflect
this environment. Similar salt requirements for optimal GDH

FIG. 4. SDS-PAGE of the purified GDH from R flavefaciens
FD-1. The proteins on the minigel were blotted on a PVDF mem-

brane and stained with Coomassie brilliant blue R-250. The left lane
contained the following protein molecular size markers (in kilodal-
tons) (from top): myosin, 200; p-galactosidase, 116; phosphorylase
b, 97; bovine serum albumin, 66; ovalbumin, 45; carbonic anhy-
drase, 31; and soybean trypsin inhibitor, 21.5. The right lane
contained the purified GDH (5 p.g of protein).

activity have been reported in studies with Selenomonas
ruminantium (37) and Succinivibrio dextrinosolvens (30).
Caldwell and Hudson (9) demonstrated that the predominant
ruminal bacteria require 100 to 200 mM sodium for growth.
The specific activity of GDH in crude extracts of batch-

cultured R. flavefaciens was highest when ammonia was
limiting in media. Similar results were obtained from contin-
uous cultures (31). Since GDH activity was unaffected by a
sudden exposure of ammonia-limited cultures to 20 mM
NH4C1, posttranslational regulation of GDH by ammonia
levels is unlikely.

In other ruminal bacteria studied to date, GDH specific
activities were typically lower when cultures were ammonia
limited than when they were carbon limited (18, 30, 37). The
enteric bacteria Klebsiella aerogenes and E. coli repress
GDH synthesis when ammonia is limiting or when they are
grown with glutamate, and they rely on high-affinity glu-
tamine synthetase coupled with glutamate synthase for am-
monia assimilation and net glutamate formation (6, 27, 42).
S. typhimunium, on the other hand, does not repress GDH
synthesis under these conditions (5). Some of the bacilli
synthesize GDH when grown with NH4Cl but not when
grown with glutamate, while others lack biosynthetic GDH
altogether (32).

In contrast, the intestinal anaerobe Bacteroides fragilis

TABLE 2. Comparison of native and subunit sizes and kinetic parameters among purified or partially purified GDHs from bacteria

Organism
Size (kDa) Km (mM)

Native Subunit NH3 aw glub NADPH NADP+

R flavefaciens FD-1 280 48 19.22 0.41 62.19 0.034c NDd This paper
Escherichia coli B/r 300 50 1.1 0.64 1.3 0.04 0.042 36
Eschenchia coli D5H3G7 275 45 36 3.25 2.2 0.083 0.11 24
Salmonella typhimunum LT2 280 45 0.29 4.0 50.0 0.019 0.013 2, 11, 12
Bacteroides fragilis ATCC 23745 290 49 1.25 0.20 3.83 0.013 0.029 35
Bacillus licheniformis A-5 310 50 5.5 6.7 39 0.12 NRd 4, 32
Clostridium strain SB4f 275 NRd 0.32 0.65 1.8 0.01 0.01 44
Streptomyces fradiae 30/3 200 49 30.8 1.54 28.6 0.07 0.12 41
Pseudomonas sp. strain AM1 190 50 20.2 0.76 31.6 0.033 NRd 3

a akg, a-ketoglutarate.
b glU, glutamate.
c This value represents [NADPH] at 0.5 Vmin and is calculated from the Hill equation. Because of cooperative binding of NADPH, this value is mathematically

distinct from Km.
d ND, not determined; NR, not reported.
This GDH is NAD+ specific; therefore, Kms for coenzyme refer to the unphosphorylated forms NADH and NAD+.
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TABLE 3. Comparison of the N-terminal amino acid sequence
determined for GDH from R flavefaciens with other

corresponding sequences

Organism (reference[s]) Amino acid sequence
R flavefaciens FD-i ...JkLKNQYLKELLERV EKRNPGEPEFIQAVIE
C symbiosun (22) ..........SKY VDBVI AEVEKKYADEPEFVQIVEE
E. coli (26, 40).............. MDQTYSLEFLNHV QKRDPNQTEFAQAVRE
S. typhimurium (2) ..........I DQTCBLBSFLNEV QKRDPHQTEFAQAVRE

possesses about twice as much immunoprecipitable GDH, as
a percentage of total protein, and 10-fold-higher GDH spe-
cific activity when grown in ammonia-limiting rather than
ammonia-sufficient media (45). The high-activity form was
rapidly inactivated by the exposure of cells to 50 mM
NH4CL. The inactivation was reversible by transferring cells
to ammonia-limited medium. The reversible inactivation
mechanism did not require protein synthesis and did not
involve phosphorylation of GDH. In contrast, phosphoryla-
tion has been previously demonstrated with and may be a
regulatory feature of E. coli GDH (23).
The native and subunit sizes of GDH purified from R

flavefaciens are consistent with the formation of a hexameric
protein, similar to the enzymes purified from several other
species of bacteria (Table 2). Pseudomonas sp. strain AM1
(3) and Streptomyces fradiae (41) have subunits comparable
to those of these other bacteria in size, but native sizes of 190
to 200 kDa suggest a tetrameric structure.

Kinetic constants for the substrates of purified, NADP+-
dependent GDH from R flavefaciens FD-1 are within the
range of those determined for other species of bacteria
(Table 2). In general, the high affinity for a-ketoglutarate and
the low affinity for glutamate suggest that the reductive
amination of a-ketoglutarate is the primary role of this
enzyme. Affinities for ammonia vary considerably among
organisms and even among strains of E. coli. The apparent
Km for ammonia in the ruminal bacterium Ruminobacter
(Bacteroides) amylophilus was 1 to 2 mM (18); two values,
6.7 and 23 mM, were determined for low and high concen-
tration ranges in assays using S. ruminantium (37).
The GDH fromR flavefaciens exhibited positive cooper-

ativity (Hill coefficient, 1.96) for NADPH but not for the
other substrates. Allostery has been shown for GDH from
bovine liver (38) but to our knowledge has not been reported
for any substrates of bacterial NADP+-specific GDHs. Pos-
itive cooperativity in ligand binding implies that the affinity
for the ligand increases after the first molecule(s) is bound.
The change in affinity is commonly associated with a con-
formational change in the enzyme. Evidence for conforma-
tional differences in NAD+-dependent GDH from C sym-
biosum when it is crystallized in the presence or absence of
glutamate was previously reported, but effects due to coen-
zyme binding were not addressed (39). The physiological
significance of the cooperative binding of NADPH by GDH
from R flavefaciens FD-1 may be to allow fine control in
balancing available biosynthetic reducing power with flux
through the glutamate pool. Such control may be especially
important in an organism which utilizes GDH as the primary
means of assimilating its sole N source, ammonia.
R flavefaciens grew in both continuous and batch cultures

when the prevailing ammonia concentration was below 100
p,M. Under these conditions, GDH specific activity was
maximal. It is interesting that an enzyme with such a low
affinity for ammonia would be induced as ammonia became
limiting. It is feasible that the cell maintains a higher internal

concentration of ammonia by using an active transport, or
recycling, system. However, we could not demonstrate
ammonium transport in ammonia-starved cells with the
radioactive analog ["4C]methylamine.

Russell and Strobel (34) have measured ammonia gradi-
ents (the intracellular ammonia concentration/extracellular
ammonia concentration ratio) in mixed ruminal bacteria but
not in individual species. Their data showed only 15-fold
gradients at most, which would still leave the intracellular
ammonia concentration at 1/10 the Km for GDH of R.
flavefaciens in an ammonia-limited (<0.1 mM) culture.
While some cyanobacteria may reach concentration gradi-
ents of >1,000-fold, most gradients achieved by bacterial
species reviewed by Kleiner (20) ranged from 10- to 120-fold.
Further study of ammonium gradients across the cell mem-
brane of R. flavefaciens grown under different conditions
should help to clarify how GDH contributes to the cellular
nitrogen economy.
The N-terminal amino acid sequence of R flavefaciens

GDH begins with alanine, which suggests that this protein
might be modified posttranslationally. Although the N-ter-
minal amino acid in the GDH of C. symbiosum is serine, it is
methionine in those of E. coli and S. typhimurium (Table 3).
Homologies described in the N-terminal amino acid se-
quences of R flavefaciens and other species suggest conser-
vations of sequence among certain GDHs. However, these
N-terminal homologies are not located in the conserved
regions associated with pyridine nucleotide binding or cata-
lytic function (29).
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