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ABSTRACT: The mechanism of xylose isomerase (EC 5.3.1.5) has been studied with X-ray crystallography. 
Four refined crystal structures are reported a t  3-A resolution: native enzyme, enzyme + glucose, enzyme 
+ glucose + Mg2+, and enzyme + glucose + Mn2+. One of these structures (E-GnMg) was determined in 
a crystal mounted in a flow cell. The other structures were equilibrium experiments carried out by soaking 
crystals in substrate containing solution. These structures and other studies suggest that, contrary to 
expectation, xylose isomerase may not use the generally expected base-catalyzed enolization mechanism. 
A mechanism involving a hydride shift is consistent with the structures presented here and warrants further 
investigation. Additional evidence in support of a hydride shift comes from comparing xylose isomerase 
with triosephosphate isomerase which is known to catalyze an analogous reaction via an enediol intermediate. 
Evidence is presented that suggests that aldose-ketose isomerases can be divided into two groups. Phospho 
sugar isomerases generally do not require a metal ion for activity and show exchange of substrate protons 
with solvent. In contrast, simple sugar isomerases all require a metal ion and show very low solvent exchange. 
These observations are rationalized on the basis of the need for stereospecific sugar binding. 

U s i n g  X-ray crystallography, we have embarked on a 
mechanistic study of xylose isomerase (EC 5.3.1.5) with the 
goal of uncovering the structural basis of its catalysis of the 
interconversion of xylose and xylulose. Extensive use of xylose 
isomerase (XyI) is made in industry for the production of 
high-fructose corn syrup by taking advantage of its fortuitous 
glucose isomerase activity (Layman, 1986). The enzyme may 
also prove useful in ethanol production from xylan-containing 
raw materials (Wilhelm & Hollenberg, 1984). Despite its 
industrial importance, relatively little is known about the 
mechanism of XyI. 

Much of what has been assumed about the mechanism of 
xylose isomerase has been inferred by comparison with trio- 
sephosphate isomerase (TIM), which catalyzes a chemically 
analogous reaction, the isomerization of D-glyceraldehyde 
3-phosphate to dihydroxyacetone phosphate, via an enediol 
intermediate (Albery & Knowles, 1976; Rose et al., 1969; 
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Rose, 1981). These comparisons may be misleading. It has 
been shown that the true substrates for the reaction catalyzed 
by XyI are a-glucose (Schray & Rose, 1971) and a-fructose 
(Makkee et al., 1984). Therefore, before catalyzing isomer- 
ization, XyI must open the pyranose ring. Another difference 
between the two reactions is the phosphate group. TIM and 
other phospho sugar isomerases can use the phosphate group 
to orient and bind the sugar. The substrates for simple sugar 
isomerases have no equivalent chemical handle. 

There are significant structural similarities between TIM 
and XyI. Both enzymes are eight-stranded alp-barrels 
(Banner et al., 1975; Carrel1 et al., 1984; Farber et al., 1987), 
but XyI contains an additional C-terminal domain which is 
involved in intermolecular contacts. Despite the structural 
similarity and the analogous chemical transformations cata- 
lyzed by the two enzymes, some details of the kinetic behavior 
show marked difference. TIM requires no cofactor for cata- 
lysis and operates at the diffusion-controlled limit (Blacklow 
et al., 1988). In contrast, XyI requires divalent metal cations, 
usually Mg2+ or Mn2+, for activity and has a k,, /K, 5 orders 
of magnitude lower than that of TIM (Suekane et al., 1978). 
In addition, TIM catalyzes the exchange of protons from 
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substrate with solvent, but XyI appears to catalyze the hy- 
drogen transfer from C1 to C2 of the sugar with no exchange 
of label (Rose et al., 1969; Rose, 1981). These dissimilarities 
could be indicative of mechanistic differences between TIM 
and XyI. 

Although the catalytic mechanism of xylose isomerase has 
not been extensively studied, some aspects of the reaction 
pathway have been established. XyI is specific for the CY- 

anomers of xylose, glucose, and fructose (Schray & Rose, 
1971; Makkee et al., 1984). The hydrogen transfer between 
C1 and C2 proceeds suprafacially (Rose et al., 1969), and the 
isomerization of labeled substrate proceeds with exchange of 
the label occurring less than once in 10000 turnovers (Rose, 
1981). There is an absolute requirement for a divalent metal 
ion (Suekane et al., 1978). The order of binding has been 
reported to be both ordered (Yamanaka, 1969) and random 
(Callens et al., 1986). Finally, the reaction is relatively slow. 
The turnover number for xylose is 10 s-l and for glucose is 
1 s-I, compared with the rate of 8000 s-l for TIM (Suekane 
et al., 1978; Krietsch et al., 1970). 

Since xylose isomerase is a single-substrate/single product 
enzyme, it is possible to observe the Michaelis complex directly 
with X-ray crystallography. Substrate diffused into XyI 
crystals will bind to the active site and be converted to product, 
but product is just the substrate for the back-reaction. If one 
simply maintains a high concentration of substrate in the 
surrounding mother liquor, the time-averaged structure ob- 
served crystallographically will be whatever species predom- 
inates at equilibrium. The equilibrium constant for the XyI 
reaction on the enzyme is not known, so a priori one does not 
know whether to expect to see ES, EP, an intermediate be- 
tween these complexes, or a mixture of these species. 

The experiment can also be done at steady-state conditions 
by use of a flow cell (Petsko, 1985). In this case, a constant 
supply of one of the substrates is flowed over the crystal 
causing any product formed to be washed away. The time- 
averaged structure obtained in this experiment should be 
dominated by the species that precedes the transition state of 
highest free energy. That species may or may not be the same 
as that observed in the equilibrium experiment done by soaking 
the crystals in substrate. 

In this paper, three crystal structures will be described: the 
enzyme-glucose-magnesium(I1) complex (E-G-Mg), the en- 
zyme-glucose-manganese( 11) complex (E-G-Mn), and the 
enzyme-glucose complex with no metal (E-G). These struc- 
tures have revealed an interesting disposition of residues in 
the active site with respect to bound sugar, as well as the 
possible role of the metal ion in catalysis. The crystallographic 
data, presented below, suggest the possibility of a 1,2-hydride 
shift mechanism in the isomerization of sugars by xylose 
isomerase. 

EXPERIMENTAL PROCEDURES 
The crystal structure of native xylose isomerase from 

Streptomyces oliuochromogenes has been reported previously 
(Farber et al., 1987). Since the completion of that work, the 
amino acid sequence (Tiraby et al., 1988) has been built into 
the electron-density map. The structure was then refined with 
the Konnert-Hendrickson least-squares refinement package 
(Hendrickson, 1985). 

Two different methods were used to collect data on crystals 
of XyI with substrate. Data on the E.G.Mg structure were 
collected in a flow cell (Petsko, 1985). A solution containing 
25 mM PIPES, 10 mM MgC12, 1 mM CoCI2, 85% saturated 
(NH4)2S04, and 100 mM glucose at pH 7.5 was passed 
through the crystal during data collection. CoCl, was added 

Farber et ai. 

Table I: Summary of Refinement" 
native E-G E-GeMg E-G-Mn target u 

bad distances* 901 989 716 678 
bond dist (A) 0.015 0.016 0.014 0.013 0.020 
angle dist (A) 0.066 0.068 0.056 0.055 0.040 
planar dist (A) 0.064 0.066 0.060 0.059 0.050 
planar restraint (A) 0.015 0.016 0.007 0.006 0.020 
chiral restraint (A) 0.282 0.294 0.192 0.186 0.150 
single torsion (A) 0.315 0.315 0.302 0.300 0.450 
planar torsion (deg) 3.7 4.0 12.6 12.3 5.0 
R factorc 0.247 0.244 0.238 0.256 
"None of the structures had glucose or metal ions added to the 

model. *Bad distances are the number of bond lengths which are more 
than 0.04 8, from their ideal distance. There were 8231 distances in 
the molecule. CThe R factor is C(F, - F,)/CF,, in the 5.0-3.0-A shell. 

to the mother liquor of both the native and the E-G-Mg crystals 
because it has been reported that Co2+ stabilizes xylose isom- 
erase (Kasumi et al., 1982). 

Binding of glucose in the crystal was monitored in the flow 
cell by collecting a set of h01 reflections to 3-A resolution. To 
establish a reference data set, 391 reflections in this plane were 
collected with a solution of 25 mM PIPES, 10 mM MgCl,, 
1 mM CoCl,, and 85% saturated (NH4)2S04 flowing through 
the crystal. This solution was then changed to the solution 
containing glucose. A small air bubble was introduced into 
the flow cell tubing between the two solutions to indicate when 
the glucose solution reached the crystal. As soon as the glucose 
solution reached the crystal, the unit cell changed slightly 
(from a = 98.92 A, b = 93.77 A, and c = 87.31 A to a = 98.85 
A, b = 93.79 A, and c = 87.06 A). This small change ne- 
cessitated a recentering of the crystal. The recentering took 
approximately 5 min. Immediately after recentering, the same 
set of h01 reflections was recollected. Several reflections had 
significant intensity changes compared to the first data set. 
The solution containing glucose was allowed to continue to flow 
through the crystal overnight. In the morning, the h01 re- 
flections were collected for a third time. The intensities of 
the reflections in the third data set were the same as those in 
the second data set, and both sets were different from the first, 
pre-glucose, data set. These intensity changes as well as the 
unit cell changes suggested that glucose had bound to the 
enzyme. This experiment showed that in the crystal the 
binding of glucose occurs rapidly. 

Structure determinations of XyI with glucose and with 
glucose plus Mn2+ were performed on crystals which had been 
soaked in substrate prior to mounting and data collection. The 
crystals used in these experiments were grown as previously 
described (Farber et al., 1987) with the following modifica- 
tions. For the E.G structure, the crystals of the apoenzyme 
were grown from a solution to which no Mgz+ or Coz+ had 
been added. They were then soaked in a solution containing 
25 mM PIPES, 50 mM glucose, and 62% saturated (N- 
H4)2S04 at pH 7.5 for 24 h. A somewhat lower glucose 
concentration was used since the metal-free XyI crystals are 
not as mechanically stable as those crystals grown in the 
presence of metals. The XyI crystals for the E.G.Mn ex- 
periment were grown from a solution which contained Mn2+ 
as the sole metal ion. They were then soaked for 48 h in a 
solution containing 10 mM MnC12, 150 mM glucose, 65% 
saturated (NH4),S04, and 25 mM PIPES at pH 7.5. The unit 
cell parameters for the three crystal forms are listed in Table 
11. 

The data were collected on a Nicolet P3 diffractometer at 
ambient temperature with a sealed copper tube as the X-ray 
source. The methods of data collection and data reduction 
have been described elsewhere (Farber et al., 1987). Data 
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Table 111: Secondarv Structure of Xvlose Isomerase Table 11: Summarv of Data Collection” 
native E G  E G M g  E G M n  

a (A) 99.23 99.27 99.85 99.24 
93.96 94.21 93.79 94.20 
87.42 87.49 87.06 87.38 

b (A) 
c (A) 
time in X-ray beam (h) 45, 50 77 105 116, 95 
% decayb 30, 46 20 19 33, 17 
isomorphous differenceC 0.140 0.133 0.131 
no. of reflections“ 6682 6614 6150 6376 
“The resolution range of all data sets was 44.0-3.0 A. For the na- 

tive and for the E G M n  data sets, both Friedel pairs were collected. 
This required two crystals for these data sets. The data from the two 
crystals for these sets were scaled together with a set of several hun- 
dred overlapping reflections. bThe percent decay is the average decay 
of the five check reflections observed throughout data collection. 
Substrate binding appears to reduce the sensitivity of the crystals to 
X-rays. Isomorphous difference is C(F,,, - Fd,fiV)/CF,,,, the sums 
being taken over all common reflections. “This is the number of re- 
flections in the 1222 space group with intensity greater than 2a. 6682 
reflections is 78% of the number of possible reflections in this space 
group to 3-A resolution. 

collection is summarized in Table 11. 
All of these structures with substrate have been refined at 

3-A resolution. A summary of the final refinement statistics 
is given in Table I. Neither glucose nor metal ions were 
included in the refinement model. Therefore, the electron 
density shown in Figure 3 is not biased by any assumptions. 

RESULTS 
A preliminary description of the structure of xylose isom- 

erase has been given elsewhere (Farber et al., 1987). Since 
that publication, the amino acid sequence has been built into 
the electron-density map, and the structure has been refined. 
A more detailed description of xylose isomerase can now be 
given. A final description of the three-dimensional structure 
of xylose isomerase will be presented in a subsequent paper 
once the refinement at high resolution (2.2 A) is complete. 

Xylose isomerase has two domains. The first domain is an 
eight-stranded a/@-barrel composed of 307 amino acids 
(Figure 1). The second domain is a large loop of 70 amino 
acids. The second domain begins and ends with a-helices. The 
residues in the loop between these helices have little secondary 
structure. The 11 residues at the carboxy-terminal end of the 
enzyme are not visible in the electron-density map. Secondary 
structural features are listed in Table 111. 

In the crystal, two subunits of xylose isomerase form a tight 
dimer composed of the (x ,y ,z)  and (X,y,Z) subunits. There 
are two distinct regions where these subunits interact. Along 
the barrellbarrel interface, helices 4, 5, and 6 in the (x ,y ,z)  
subunit make contact with, respectively, helices 6, 5, and 4 
in the ( X , ~ , Z )  subunit. These three helices are hydrophobic. 
Eighty percent of the surface in this interface is made up of 
hydrophobic residues (Campbell, 1988). 

The second interface region is composed of helices 3 and 
4 from the (x ,y , z )  subunit and the second domain from the 
(R,y,Z) subunit. The amino-terminal end of helix 3 protrudes 
slightly through the second domain of the ( f , y , ~ )  subunit 
(Figure 1). 

Xylose isomerase has been reported to be both a dimer 
(Tucker et al., 1988) and a tetramer (Hogue-Angeletti, 1975). 
The crystal structure is consistent with these observations. In 
addition to the tight dimer described above, there is a second 
tight dimer that appears to form a tetramer in the crystal. The 
contacts between the tight dimers are not as extensive as the 
contacts between the subunits that form the tight dimer. It 
may be that while this tetramer readily forms in a high con- 
centration environment (like a protein crystal), in solution the 

feature residues” feature residues“ 
N-Terminal Domain (1-306) 

01 10-17 65 176-184 
a 1  36-42 a5 198-207 
P2 48-54 66 2 15-220 
a2 64-7 1 a6 231-238 
63 82-88 P7 244-250 
f f3 101-1 19 a7 264-278 
P4 123-128 P8 281-289 
a4 144-157 a8 295-306 

Small Secondary Features in the N-Terminal Domain 

C-Terminal Domain (307-377) 
a D  308-321 disordered 378-388 
LYE 363-367 residues 

ffA 54-58 ffB 136-1 39 

“The numbering in this table starts with Ser as number 1. 

stable species is a dimer. This neighboring tight dimer is 
formed by the (Xg + 1,z) and (xg + 1 , ~ )  subunits. These 
two dimers are oriented such that the carboxy-terminal ends 
of the a/P-barrels face each other. This tetramer is very 
similar to the tetramer of XyI from Actimplanes missouriensis 
(Rey et al., 1988). 

Amino acid sequences are known for xylose isomerase from 
Escherichia coli (Schellenberg et al., 1983), Bacillus subtilis 
(Wilhelm & Hollenberg, 1985), Ampullariella strain 3876 
(Saari et al., 1987), Streptomyces uiolaceoniger (Drocourt et 
al., 1988), and S .  oliuochromogenes (Tiraby et al., 1988). 
These sequences were aligned with the Needleman and 
Wunsch (1970) algorithm with a mutation data scoring matrix 
(Figure 2). Sixty two amino acids are identical in all five 
isomerases. Only five of these residues are in the second 
domain. 

The location of the conserved residues is different between 
the first half of the a/P-barrel and the second half. In the 
first half of this domain, the four loops between P-strands and 
a-helices on the carboxy-terminal end of the barrel (residues 
17-36,54-64,88-101, and 128-144) are strongly conserved. 
Two of these four loops (88-101 and 128-144) make contacts 
with the (R,y,z) subunit in the tight dimer. The first loop 
(17-36) is involved in contacts with the neighboring tight 
dimer to form the tetramer. The last loop (54-64) allows 
access to the active site. In the second half of the barrel, the 
conserved residues are clustered on the P-sheets. These con- 
served residues make up the active site. 

The glucose and metal ion binding site is buried deep in the 
interior of the enzyme toward the carboxy-terminal end of the 
barrel. The active site residues are located on the carboxy- 
terminal end of P-strands 5, 6, and 7 and in the loops which 
connect these P-strands with the a-helices on the outside of 
the barrel. Access to the active site is blocked on both ends 
of the alp-barrel. Toward the amino-terminal end of the 
barrel, Met 83 and several other residues block the passage 
through the barrel. The carboxy-terminal end of the barrel 
is blocked by a ring of lysines and arginines and by the 
neighboring tight dimer. Since both ends of the barrel are 
restricted, the principal route to the active site is through a 
hole in the side of the cy/@-barrel caused by a small helix (aA) 
perpendicular to the barrel axis formed by residues 54-58. 
This helix shortens &strand 2 relative to the other seven 
strands that make up the barrel. 

Figure 3a shows the active site residues from the refined 
E-G-Mg flow cell structure. There are three sets of residues 
in the active site. The set in closest proximity to bound glucose 
includes Ser 249, His 219, and Gln 221. These residues appear 
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a 

b 
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FIGURE 1: a-Carbon backbone of xylose isomerase. (a) This view of one subunit of xylose isomerase is from the carboxy-terminal end of the 
a/&barrel parallel to the barrel axis. (b) This second view is perpendicular to the barrel axis. The small a-helix (54-58) that opens a hole 
into the active site is closest to the viewer. 

to form a hydrogen-bonding network with His 219 at  the 
center and the serine and glutamine flanking. His 219 seems 
likely to play a major role in catalysis. It is positioned to act 
either as a base in ring opening or in the transfer of a proton 
from C 1 to C2 if catalysis by XyI goes by an enediol mech- 
anism. 

Slightly below His 219 (toward the N-terminal end of the 
barrel) and closer to the center of the &barrel is a negatively 
charged set of residues which consists of Glu 180 and Asp 286. 
Structures b and c of Figure 3 show that these residues are 
involved in chelating the essential metal ion. Both Mg2+ and 
Co2+ were present in the native structure. However, no metal 
ion was seen in this structure. Therefore, it appears that the 

sugar is necessary for metal binding. Above this set (and above 
His 219) is the third set of residues, Lys 182 and Arg 258. 
The residues in the active site agree well with those determined 
by chemical labeling studies. Such studies have identified a 
single essential histidine residue and have suggested that thiols, 
lysine, and serine are not directly involved in the reaction 
(Gaikwad et al., 1988; Vangrysperre et al., 1988). 

His 219, Glu 180, and Lys 182 are conserved in all five 
sequences. Gln 221 and Asp 286 are not strictly conserved. 
However, the changes at  these positions are functionally 
conservative. The residues at  position 221, Gln and Thr, can 
both form hydrogen bonds with His 219. Similarly, the res- 
idues at position 286, Asp and Asn, can both act as metal 
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s.v 
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10 20 
---_- TP-------ED-----------pFG--LI-TVGWQGRDPFGDAT-- 
----- TP-------ED-----------ETFG--LW-TVGWQGRDFEDAT-- -----TP-------ED-----------RFTFG--L~~-TVGWQARBAEDAT-- 
----- DELVLGKRMEE---------HLRT--AACY~~HTFCWNGABM~%VGAFN 
AFKYYNP-------OEVIGGKTMKEALRSIA--Y~~HTFTADGT~V~AATNQ 

< Beta 1 > 

30 40 50 60 
RP-----ALD----PVDTV---ORLAGLGA---HGVT------FHDDDLIPFGS E-----ALD----PVETV---QRLAELGA---YGVT-----KDDBLVFFS 
RP-----VLD----PIEAV---HKUEIGA---YGVT-----~D~LVFF~A 
E-----WOQ----PGEALALAKRKADVAFEFFHKLHVPFYCF~~DJBVSFEEA 
~WDHYKGMDLARARVEAAF--EMFEKLDA---PFFA-----~R~~IAFE~S 

< Alpha1 > < Beta2 >< a>- 

70 80 90 100 
S--DTERESHIK--RPROAL----DATGMTVPMATTNLFTHPVFKDGGFTAND 
S--DTERESGIK--RPRQAL----DATGMTVPKA~~NL~HFVFKD-GFTAND 
D--AATRDGIVA--GFSKAL----DETGLIVPKVTTNLEHFVFKDGGRTSND 
S--LKETINNFA--QMVDVLAGKQEESGVKLLWGTANCFTNFRYGAGAATNPD 
TLKETNONLDIIVGHIKDYtl----RDSNVDLLW-A@@~RFVHGAA~SCN 

<AlphaZ> <Beta3>- <Alpha3 

110 120 130 140 150 160 
RDVRRYALRKTIRNIDUVELARKTYVAWGGREGAESGAAKDVRVALDRMUA 
RD-VRRYliLRKTIRNIDLAAEkAKTYVAmA~SGG~-VRDALDRtl~A 
RSbY~IRKVLRQMDLGAEkAKTL~LmAEYDS&VGAALDRYREA 
PEIFSWXATQVJTAMEATEK~GGENYVL~YETLLNT~~LRTQEREQLGRF 
A D ~ F A Y ~ ~ A Q ~ K K G L E T A ~ G ~ N Y V F ~ Y E T L L N T ~ L K F E L D N ~ F  

> <@4 > <aB> < Alpha4 > 
* *  

170 180 190 200 210 
FDLLGDYVTSQGYDTRFAIEPKPNQPRGDILLPTVGHALAFIER--LERPELY 
FDLLGEYVTAQGYDLRFA"EFRGDILLPTVGHALAFIER--CERPELY 
LKLLAQYSEDOGYGLPFAIEPKPNEFRGDILLPTAGHAIAFJQE--EERPELF 
KQ~WBEKHKIGPQGTLLIEPKP(IE-~OYDYDAATVYG~LKOFGEEKEI-- 
M H M A V D Y A I E k T G Q F L ~ U ~ ~ H Q Y D T D A A T T I  A ~ ~ Q Y G ~ D D D N H F  

< B X >  < Alpha5 > 

* *  * * 
220 230 240 250 260 

G ~ P ~ V G I j E Q H A G L N P P H G I A Q ~ L W A G K ~ F - H I D L N _ - G A G  
G ~ P ~ V G ~ E Q H A G ~ ~ P H G I A O ~ L W A G K & F - H I ~ ~ - ~ O S G I K Y ~ ~ L R ~ G A G  
GINPETGEEQMSNLNFTQGIAQALWHIMLF-HIDLN-GQHGPKFDODLVFGHG 

K L N L e A N ~ T L A G A T P E H E W ~ G L & - G S V D ~ Q ~ H P L L G W ~ ~ - E ~ P T D  
K ~ I ~ A N ~ A T L A G H S I H A E I A T ~ I A L G - ~ F G S V ~ ~ ~ D A O L G ~ ~ - Q ~ P N S  

< 66 > <Alpha6> < Beta7> 
* 

270 280 290 300 
DWurFWLVDL&ESA-----GYEGPRHLDF--EPP-_RT--EDID--GWASAA 
DLRAAFWLVDL&ESA-----GYEGPRHFDF--EPP-ET--EDFD--GWASAE 
DLLNAPSLVDLFNGPDGGFAYCGPRHFDY--EPS-_RT--EDFE--GWESAK 
VEENALVMYEI-W\G-----GFTC-FFLNFD~--~--QST~KYDLFYGHI 
LYSTTLAMYGI&QNG-----GLGSGG-LNFD~VR-~SSFEPDD--LVYAHIA 

< Alpha7 > < Beta8 > <- Alpha8 

310 320 330 340 350 
GCI(RNY-LI~R+FRADPEVQEAL-RR--SRLDELAOPT--AADGVQELL 
GCtlRNY-LI-~FRANPEVQEAL-RA--ARLNQLAQPT--AADCLEALL 
DNIRt lY-LL~~FRADPEVOAAL-AE--SKVDELRTPTLNPGETYADLL 
GANDTtlALA~I-&4RtlIEDGELDKRIAQRYSGWNSELGQOI--LKGQ~S--L 
G-HDAFARG~V-AHKLIEDRVFEDVI-QH---RYRSFTEGI--GLE-ITEGR 

> < AlphaD > 

360 370 380 388 
gRTAFEDFDVDAAAARAAWPYERLD0-MDHLLGARG 
ADRTAFEDFDVEAAAARAAWPFERLDOI&MDHLLGARG 
ADRSAFEDYDADAVGAKG-YGFVKLNQI&IDHLLGAR- 
~DLADYAOEHHLSPVHQSGRQ-EQLEN~VNHYLFDK-- 
ANPATLEOYALNNKTIKNES--GRQER&--KPILNO-- 

< uE> 
FIGURE 2: Alignment of xylose isomerase sequences. Abbreviations: 
S.O., Streptomyces oliuochromogenes; S.V., Streptomyces violaceoniger, 
As., Ampullariella strain 3816; E.c., Escherichia coli; B.s., Bacillus 
subtilis. Standard single-letter code is used for the amino acids. The 
secondary structural features for S.  oliuochromogenes are listed below 
the amino acids. Those amino acids in the active site are marked with 
a star above the numbering. Underlined amino acids are conserved. 
The numbers refer to the S .  oliuochromogenes structure and start 
with Ser 1 since the N-terminal methionine is posttranslationally 
cleaved. 

chelators. There are several gaps in the alignment in the region 
around 286. With only minor changes, it is possible to align 
the sequences to make Asp 286 strictly conserved. In contrast, 
the changes that occur at  position 249 (Ser, His, Ala, Pro) 
and at position 258 (Arg, Val, Gln, Glu) are not conservative. 

Figure 3b shows the electron density from the E.G.Mg flow 
cell structure. The density shows that the sugar is in a cyclic 
conformation in front of His 219. Because of the lack of detail 
at 3-A resolution, it is impossible to decide which face of the 
sugar ring faces His 219. Moreover, the nature of the sugar 
species (be it a-glucose, fructose, or an open-chain intermediate 
in the isomerization process) cannot be identified from the 
electron-density map. The sugar electron density could be due 
to any or all of these species since the crystals are catalytically 
active (Farber, 1988). 

In addition to the uncertainty in fitting the sugar density 
shown in Figure 3b, the possibility that the sugar and metal 
positions are reversed had to be considered. The crystal 
structure determination with Mn2+ in place of Mgz+ was 
performed in order to confirm our assignments. Manga- 
nese(I1) has twice as many electrons as magnesium(I1) so the 
electron density at the metal site should be significantly larger 
than the density shown in Figure 3b. The electron density for 
the E-G-Mn structure is shown in Figure 3c. Comparing 
structures b and c of Figure 3, one observes that the metal 
binds between Glu 180 and Asp 286, as expected. The metal 
ion also appears to be chelated by hydroxyl groups on the 
sugar. 

The third, metal-free, structure (Figure 3d), xylose isom- 
erase and glucose, contains electron density only at the sugar 
site. In contrast to the two other structures, the sugar density 
extends upward past Lys 182. The known structure of sorbitol 
(Ja Park et al., 1971), an open-chain glucose analogue with 
the carbonyl reduced to an alcohol, fits the electron density 
well, indicating that the sugar is bound in an extended form. 
This structure also provides an explanation for the inhibition 
of xylitol, which has been found to have a similar orientation 
in the active site of XyI (Farber, 1988). No electron density 
was observed in the metal site in the E-G structure. 

As discussed earlier, the two different methods of data 
collection (flow cell and soaked crystal) can in principle show 
different aspects of the reaction as catalyzed by the enzyme. 
A soaked crystal will show electron density due to the equi- 
librium mixture of substrate, intermediate(s), and product. In 
contrast, the electron density in a flow cell experiment should 
be dominated by the species immediately preceding the 
rate-limiting step. Comparison of the E-G-Mg flow cell 
structure with the E.G.Mn structure shows some subtle dif- 
ferences in the sugar density. At 3-A resolution, it is not 
possible to interpret these differences. However, it is probably 
safe to interpret the E.G.Mg electron density as showing that 
the rate-limiting step in the XyI reaction is preceded by a cyclic 
sugar form (with the ring either open or closed) rather than 
an extended sugar form. However, in the absence of a metal 
ion, the E-G structure shows that an open-chain form of the 
sugar has the lowest free energy when bound to the enzyme. 

It is important to consider the possibility that parts of the 
sugar could be disordered in the crystal. In that case what 
appear to be cyclic sugar forms in the E-G-metal structures 
could be electron density due to only a small part of an ex- 
tended sugar, for example, C1 through C3. The appearance 
of electron density in other enzyme-ligand compiex structures 
at this resolution suggests that the disordered extended sugar 
interpretation is less likely to be correct than that of a cyclic 
sugar coordinated to the metal through two adjacent oxygens. 
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d 

f 

Glu 1 8 0 7  

FIGURE 3: Active site of xylose isomerase. (a and b) These both show the refined EGMg structure. Structure a has no electron density. 
The electron density in structure b comes from a FM - F,,, difference Fourier with native refined phases. The contour level is 1.70. The 
model for the sugar density is a-glucose. As discussecdin the text, this model indicates only the sugar location and does not indicate the sugar 
orientation or identity. (c) This shows the refined EGMn structure. The electron density shown here comes from a FMn - F,,, difference 
Fourier with native refined phases. The contour level is 1.70, the same level as in structure b. Comparing this electron density to that in structure 
b shows that the metal ion chelates to Glu 180 and His 219. His 219 is behind the sugar and is not labeled. (d) This shows the refined E G  
structure. The electron density shown here comes from a FpluWc - F,,, difference Fourier with native refined phases. The contour level is 
1.70. There is no density at  the metal position, but the sorbitol model of open-chain glucose fits the density fairly well. Ser 249 is directly 
behind Arg 258 and is not labeled. 

However, the mechanistic arguments presented in the next 
section depend only on the location of the sugar and not on 
its particular conformation. 
DISCUSSION 

Despite the superficial similarity of the reaction catalyzed 
by XyI to the isomerization catalyzed by TIM, it may not be 
appropriate to assume that the two enzymes have the same 
mechanism. The principal kinetic objection to a proton- 
transfer mechanism with an enediol intermediate for XyI is 
the lack of exchange during a slow reaction. For comparison, 
TIM, which is known to have an enediol intermediate, has an 
exchange with solvent to intramolecular transfer ratio of 50 
(Rose, 1981). 

A possible rationale for this difference is that XyI may shield 
the active site from solvent more effectively than TIM. In fact, 
examples of proton-transfer reactions exist in which the enzyme 
shields the proton being transferred (Kozarich et al., 1981). 
If this were the case with XyI, the active site either should 
be inaccessible to solvent or should have a conformational 
change after substrate binding which prevents solvent from 
entering the active site. In xylose isomerase, the active site 
is indeed deeply buried in the enzyme. However, the flow cell 
experiment showed that crystalline xylose isomerase became 
saturated with glucose in less than 5 min. In an analogous 
experiment with TIM, substrate binding took over 1 h (Alber 
et al., 1981). These timing data are not directly comparable 
because TIM does undergo a conformational change upon 
substrate binding. However, the data do indicate that, in the 
crystal, the active site of XyI is accessible to substrate. 

The lack of conformational change also suggests that xylose 
isomerase should have a more accessible active site than that 
of TIM. InTIM, once substrate binds, a loop folds down and 
covers the active site (Alber et al., 1981). No significant 
change occurs in the structure of XyI in any of the enzyme- 
substrate complexes described in this study. If TIM and XyI 
both have the same mechanism, these structural observations 
suggest that XyI should have an exchange to transfer ratio 
greater than that of TIM. 

Further structural complications in a proton-transfer 
mechanism stem from the composition of the active site. There 
are four residues in the active site which are close enough to 
the sugar to be either the ring-opening base or the proton- 
transfer base: His 219, Glu 180, Asp 286, and Arg 258. Other 
residues near the active site could only be involved if there were 
substantial conformational changes of either substrate or en- 
zyme during catalysis; no such motion is observed. Arg 258 
can be excluded since a guanidinium group is a very unlikely 
base. Also, Arg 258 is the only one of these active site residues 
which is not conserved (Figure 2). 

Since no exchange is observed during the isomerization, the 
proton-transfer base must be monoprotic. However, during 
the isomerization, Glu 180 and Asp 286 are chelated to the 
metal ion. This leaves only His 219 as the proton-transfer base. 
Histidine can certainly function as such a base, but if His 2 19 
is the proton-transfer base, there is no obvious candidate for 
a ring-opening base. The E-G structure suggests that the 
enzyme is able to catalyze ring opening without a metal ion. 
In that structure, His 219 is positioned to act as the ring- 
opening base. It seems unlikely that the same residue is used 
as a base twice during the reaction on two different faces of 
the sugar ring. 

Assigning the role of ring-opening base to Glu 180 or Asp 
286 is a little better. If this were the case, one of these residues 
would have to open the sugar ring and then subsequently serve 
as a metal chelator. Substantial sugar movement would then 
be required to allow His 219 to act as the proton-transfer base 
once the sugar ring was open. This mechanism requires that 
sugar binding and ring opening precede metal binding. 

The structures suggest a simpler proposition, that xylose 
isomerase might catalyze its reaction via a hydride shift 
mechanism. His 2 19 is thus solely the ring-opening base, and 
no proton-transfer base is required. The absence of exchange 
is consistent with hydride transfer. The essential divalent metal 
cation serves as a Lewis acid in this mechanism, stabilizing 
the formation of a carbocation ion at the carbonyl carbon prior 
to the concerted transfer of a hydrogen with two electrons. It 
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Table IV: Trends among Sugar Isomerases 
turnover 

isomerase aldose, K ,  (M) ketose, K ,  (M) cofactor no. (d) T/En ref 
Phospho Sugar Isomerases 

glyceraldehyde 3-P, 4.2 X dihydroxyaceione P ,6 .8  X IO4 none triosephosphate, 
EC 5.3.1.1 

D-ribose-s-p, 
EC 5.3.1.6 

~-mannose-6-P, 
EC 5.3.1.8 

D-ghcose-6-P, 
EC 5.3.1.9 

D-ara binose-5-P, 
EC 5.3.1.13 

D-galactose-6-P 

D-arabinose, 
EC 5.3.1.3 

L-ara binose, 
EC 5.3.1.4 

EC 5.3.1.5 

EC 5.3.1.7 

EC 5.3.1.14 

EC 5.3.1.15 

EC 5.3.1.20 

D-xylose, 

D-mannose, 

L-rhamnose, 

D-lyxose, 

D-ri bose, 

D-ribose 5-P, 2 X 

D-mannose 6-P, 1.35 X 

D-glucose 6-P, 2.7 X lo4 

D-arabinose 5-P, 2.0 X 

D-galaCtOSe 6-P, 9.6 X 

D-arabinose, 0.160 

L-arabinose, 0.060 

D-xylose, 0.010 

D-mannose, 1.4 x 1 0-3 

L-rhamnose, 7.0 X lo4 

D-lyxose 

D-ribose, 4.0 X 

D-ribulose 5-P none 

D-fructose 6-P Zn2+ 

D-fructose 6-P none 

D-ribulose 5-P none 

D-tagatose 6-P, 1.9 X IO-' none 

D-ribulose Mn2+ 

r-ribulose Mn2+ 

D-xylulose Mg2+ 

o-fructose Mn2+ 

r-rhamnulose Mn2+ 

D-XyhdOSe Mn2+ 

D-ribulose MnZt 

Simple Sugar Isomerases 

8000 

616 

1525 

25 

25 

200 

10 

5 

1 

50 

high 

1 

1 

low 

low 

> I  x 10-4 

Krietsch, 1975 

Domagk & Alexander, 1975 

Noltman, 1972 

Hizukuri et ai., 1975 

Volk, 1966 

Anderson & Bissett, 1982 

Yamanaka & Izumori, 1975 

Patrick & Lee, 1975 

Suekane et al., 1978 

Noltman, 1972 

Domagk & Zech, 1966 

Anderson, 1966 

Elbein & Jzumori. 1982 

* T / E  is the ratio of exchange with solvent to intramolecular hydrogen transfer. These values come from the review by Rose (1981). 

also appears that the metal ion could play a conformational 
role by stabilizing an orientation at C1 and C2 that favors 
hydride shift. Metal ions are known to be used in this role 
in the Meerwein-Ponndorf-Verley Oppenauer reactions 
(Shiner & Whittaker, 1969; Warnhoff et al., 1980) and in 
intramolecular Cannizzaro reactions (Okuyama et al., 1982), 
both of which involve a hydride shift. 

The necessity for a metal ion is consistent with the anomeric 
specificity of xylose isomerase. a-Glucose has two hydroxyl 
groups in the cis configuration at  C1 and C2. The crystal 
structure of myo-inositol, which has the same configuration 
of oxygens as a-glucose at C1 through C4, with MgCl, shows 
that the Mgz+ chelates between 0 1  and 0 2  (Blank, 1973). 
In @-glucose, all alcohol groups are trans, so no such metal 
chelation is possible (Angyal, 1980). 

It is of interest to note that among sugar isomerases two 
types of enzymes can be recognized (Table IV). Those that 
use phosphorylated sugars as the substrate virtually all show 
activity in the absence of metal ion. They also have exchange 
to intramolecular transfer ratios greater than 1 (Rose, 1981). 
In contrast, those enzymes using simple sugars as substrates 
show universal dependence on divalent metal ions for activity 
and extremely low E/T ratios (Rose, 1981). In addition, the 
binding of substrate to the simple sugar isomerases tends to 
be weak and the turnover tends to be slower than those with 
the phosphorylated sugar isomerases. 

This evidence supports a link between exchange rate and 
metal ion dependence. The correlation cannot be explained 
by divergent evolution from a common ancestor, since no 
sequence homology has been found among pentose isomerases 
(Lin et al., 1985) or among phospho sugar isomerases (Miles 
& Guest, 1984). One explanation for this behavior is that the 
metal ion serves as a handle for the sugar and serendipitiously 
produces the mechanistic traits universal to the pentose isom- 
erases. 

Since static crystal structures cannot prove an enzymatic 
mechanism, it is prudent to make the suggestion of a hydride 

shift mechanism with reservations. Glyoxylase I, an enzyme 
catalyzing a similar intramolecular redox reaction, also requires 
divalent metal ions and proceeds without significant exchange 
of label to solvent. However, mechanistic studies performed 
by Kozarich and co-workers have uncovered the existence of 
a carbanionic intermediate typical of proton transfer in the 
reaction pathway (Kozarich et al., 1981), which indicates that 
the enediol intermediate in the enzyme is well shielded and 
probably short lived. The significant difference between this 
reaction and that catalyzed by xylose isomerase is that the 
nonenzymatic glyoxylase reaction clearly proceeds by an 
enediol mechanism in solution, even in the presence of Mg2+ 
(Hall et al., 1978). In contrast, there is evidence that non- 
enzymatic isomerization of glucose, mannose, and xylose in 
strongly acidic aqueous solutions (Harris & Feather, 1975; 
Ralapati & Feather, 1978) involves a hydride shift mechanism 
as does the base-catalyzed isomerization of ribose (Gleason 
& Barker, 1971). 

The evidence presented in this paper suggests that, contrary 
to expectation, not all sugar isomerases may proceed by the 
enediol mechanism that has been shown for TIM. In the case 
of xylose isomerase, a series of crystal structures combined 
with other evidence has suggested that a hydride shift mech- 
anism should be considered. The mechanistic arguments 
presented in this paper depend only on the location of the active 
site and on the number and types of residues close to the sugar. 
All of these details are unambiguous at 3-A resolution. 
Structures at higher resolution are not likely to aid in the 
understanding of the mechanism without other information. 
Until the free energy profile of the reaction catalyzed by xylose 
isomerase is elucidated, it will not be possible to decide how 
many and what type of sugars should be built into the electron 
density of these catalytically active crystals. Hopefully, this 
paper will encourage such studies. 
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